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Lignin is one of the most abundant biopolymers in plants and plays an important 
role in plant structure and stress defense. Lignin is also considered to be a hallmark of 
vascular plants because of its crucial role in plant terrestrialization. However, lignin is an 
undesired component in the pulp and paper industry, bioethanol production, and forage 
digestibility. Thus, understanding the functions and the evolution of lignin biosynthesis 
genes can not only advance our knowledge of the evolution of land-adaptation for 
vascular plants but also help guide the effort to exploit the potential for genetic 
manipulation of lignin for desirable traits in economically important crops. In this 
dissertation I studied a cinnamyl alcohol dehydrogenase (CAD) gene family in an 
important basal angiosperm species Liriodendron tulipifera L. A total of seven LtuCAD 
homologs were identified from a comprehensive Liriodendron EST database. The 
comparison of amino acid sequences, phylogeny, expression analysis, and 
complementation in the Arabidopsis cad4 cad5 double mutant indicate that LtuCAD1 is 
involved in lignin biosynthesis in Liriodendron. This finding provides the opportunity to 
manipulate the expression of LtuCAD1 for lignin modification in Liriodendron and 
broadens our knowledge of lignin biosynthesis in basal angiosperms. I also investigated 
the impact of expressing a parsley tyrosine-rich peptide (TYR) in poplar. With an aim to 
facilitate lignin removal during the utilization of woody biomass as a biofuel feedstock, 
transgenic poplars carrying the TYR sequence were previously generated, and a number 
of transgenic lines released more polysaccharides following protease digestion and were 
 iii 
more flexible than wild type plants. In the current study, it was found that expression of 
the parsley tyrosine-rich peptide did not compromise the plant stem growth, susceptibility 
to pathogen, nor cause significant wood chemistry alternation in the transgenic poplars. 
Only five transcripts were found differentially expressed in the transgenic plants, all with 
at least 4-fold decrease of transcript abundance relative to the wildtype. These five 
transcripts encode a sulfotransferase domain protein, a NB-ARC domain-containing 
disease resistance protein, and one putative protein, respectively. The results suggest that 
it is possible to increase cell wall digestibility and flexibility without compromising 
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Populus and Liriodendron as a tree model research system for genomics of 
secondary cell wall formation  
In the history of plant evolution, plant secondary cell wall has provided great 
benefits. During its entire life, a plant typically remains in a single location, utilizing 
solar energy through photosynthesis to make carbohydrates. The sessile nature of plant 
life requires a well-balanced "trade-off" system for its survival. In its young stage, a plant 
needs to distribute all the resources for cell expansion and division; thus, it has primary 
cell walls that are flexible and dynamic. As plant grows, water and nutrition need to be 
transported from one part of plant to another without great loss. The plant secondary cell 
wall is rigid and water resistant due to its cross-linked contents of cellulose, 
hemicellulose, and lignin compounds. Secondary cell walls appear at plant’s maturity 
stage, providing plant mechanical strength and transporting water and nutrition to ensure 
its continuous growth. Another important attribute of the secondary cell wall is its 
defense against stress. Plants have to face challenges in a "passive" way since they cannot 
move. Defending from herbivores and microbes is one of the possible reasons for plant to 
develop a self-protective model. Many plant epidermal cells contain secondary cell walls 
that are difficult to digest. Plants may also develop sharp structures, such as thorns, 
spikes, and prickles against herbivores. It is the "arms races" between plant strategies to 
evolve thick secondary cell wall structures and microbial and animal strategies to bypass 
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these obstacles that evolution largely relies on to create the biodiversity of current 
ecosystems. 
Woody plants have long been domesticated and used in human history. As one of 
the most important natural resources, wood provides us with fuel, building material, 
furniture, and woodenware. A large part of wood contains cells that have thick secondary 
cell walls. There are three major components in plant wood: cellulose (~40%), 
hemicellulose (~30%) and lignin (~25%) (Aitken et al. 1988). Primary cell wall mainly 
contains cellulose. By contrast, secondary cell wall is composed of cellulose microfibrils 
in a matrix filled with hemicellulose and lignin. Thus, woody biomass represents the 
accumulation of lignocellulosic materials in plant stems, branches, roots, and other 
tissues. Recently, global energy shortage has called for the emergence of renewable 
energy, including bioenergy. Woody biomass, as a carbon-neutral feedstock, has brought 
much attention to its potential for bioethanol production. Therefore, plant model species, 
such as Arabidopsis and Populus, are needed to unravel biosynthesis of secondary cell 
wall components and their polymerization processes. The high throughput methodology 
of genomics, transcriptomics, and proteomics based on the complete sequences has 
highly benefited the identification of genes and their products involved in secondary cell 
wall formation. In addition, comparative genomics provides an opportunity to obtain a 
great deal of new information about the genetic basis of complex traits such as growth 
and biomass accumulation in a relatively short period of time. Comparing Populus with 
another hardwood tree species that shares poplar’s rapid growth and biomass 
accumulation traits, but is very different phylogenetically, should help identify and/or 
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confirm which genes are most important in regulating those traits. In other words, 
comparative genomics can help us work through the large amount of genomics data to 
determine the key innovations in evolution that are shared among all fast growing 
hardwood tree species.  
In the family of Salicaceae, the genus Populus contains about 30 species and can 
be classified into five sections (Mellerowicz et al. 2001). The reasons for choosing poplar 
as a model system are as follows: 1) it is a fast growing species that has great economic 
value, including the production of lumber, fuel, fiber, and paper; 2) it is stably 
transformable with foreign genes. The transformation of poplar is possible by either an 
Agrobacterium-mediated method or a direct gene transfer, such as electroporation and 
microprojectile bombardment (Klopfenstein et al. 1997); 3) genetic maps for several 
Populus species and hybrids have been constructed (e.g. Bradshaw et al. 1994; Yin et al. 
1999; Pakull et al. 2009; Wang et al. 2009; Cervera et al. 2001) and applied to QTL 
analysis and map-based cloning (e.g. Wu and Stettler 1994, 1997; Wu et al. 1997; Frewen 
et al. 2000; Ranjan et al. 2010); 4) the genome of Populus trichocarpa (Black 
cottonwood) has been fully sequenced. Populus trichocarpa was the first woody plant 
species whose genome was sequenced, in which there are 19 linkage groups, 45,555 
predicted gene loci, and a genome size of roughly 485 ± 10 Mb (Tuskan et al. 2006). The 
revelation of the genomic sequence of P. trichocarpa has further strengthened its role as 
a model system in genomics, including secondary cell wall structure and formation 
(Andersson-Gunneras et al. 2006; Geisler-Lee et al. 2006; Mellerowicz and Sundberg 
2008). Several genes encoding for pectin methyl esterases, expansins, xyloglucan 
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endotransglycosylases, glycosyltransferases, and cellulose synthases (Mellerowicz et al. 
2001; Zhou et al. 2006; Nishikubo et al. 2007, 2011), as well as some lignin biosynthetic 
pathway genes (e.g. Brunner et al. 2004; Leplé et al. 2007; Barakat et al. 2009; Voelker et 
al. 2010), have been studied in poplar. 
Liriodendron tulipifera L., commonly known as American tulip tree, yellow-
poplar, or tulip poplar, is one of the largest and most attractive trees in North America 
(Harlow and Harrar 1969). This hardwood tree is native to the eastern North America, 
widely distributed from New England to Florida in latitude, and from the east bank of the 
Mississippi river to the east coast in longitude (Little 1979). It prefers deep, moist, and 
well-drained soil in the Southern Appalachian Mountain (Burns and Honkala 1990). The 
oldest tree ever found was about 509 yrs old, living by the Forge Creek in the Great 
Smoky Mountain National Park, TN (Pederson and Evans 2007). The ordinary height of 
yellow-poplar tree is between 70 feet and 100 feet. Its trunk is straight and around 5 feet 
in diameter (Burns and Honkala 1990). The American tulip tree gained its name due to 
the resemblance of its showy flower to a large tulip. Yellow-poplar has been extensively 
used as a shade tree in gardens, in parks, and on the curbside for landscaping. It is also a 
nectar producer, which is used to make dark reddish strong honey served as both a table 
condiment and a bakery additive. The wood of yellow-poplar is often soft and fine-
grained, marketed as “American tulipwood”. It is commonly used when inexpensive, 
easy-to-work, but stable wood is needed. It is a good raw material for making musical 
instruments like organs because of its smooth finish. It was used for making siding 
clapboards in the interior decoration of houses, panels of carriages and other 
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woodenwares. Yellow-poplar can be clonally propagated and is mainly regenerated by 
the coppice method during forest management. Reliable systems for particle 
bombardment transformation and mass production of clonal trees from somatic embryos 
are also available (Wilde et al. 1992). Yellow-poplar has impressive resistance to metals, 
such as aluminum (Klugh and Cumming 2003) and mercury (Rugh et al. 1998); thus, it 
has potential uses in phytoremediation of toxic metals in polluted areas. Because of its 
rapid biomass accumulation and exceptional resistance to insects and disease, yellow-
poplar has become a promising candidate as a feedstock source for the production of 
fibers, extractive chemicals, and biofuels. The potential of yellow-poplar to help meet the 
increasing demand of renewable energy is becoming more apparent through recent 
reports on the conversion of biomass from yellow-poplar to biofuels, like ethanol 
research (e.g. Glasser et al. 2000; Nagle et al. 2002; Sun and Cheng 2002; Xiang et al. 
2004; Berlin et al. 2005; Çelen et al. 2008; Hwang et al. 2008; Koo et al. 2008). 
Liriodendron is a member of Magnoliaceae family in the order of Magnoliales, 
while Populus is in the Salicaceae family in the order of Malpighiales (Figure 1.1, 
Stevens 2008). Magnoliaceae flowers usually possess stamens and pistils in a spiral 
pattern, which is distinct from most other angiosperm species and thought to be similar to 
fossil plants (Zomlefer 1994). Thus, Magnoliaceae species are among those early-
branched angiosperm species commonly known as ‘basal angiosperms’ (Soltis et al. 
2000). Its special position in phylogeny has made yellow-poplar an important species in 
evolutionary studies (Parks and Wendel 1990). As a result, genomic resources are being 
developed quickly in recent years for this species. The first genetic information of 
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yellow-poplar was reported as four closely-related cDNA sequences encoding 
isoenzymes of laccase in xylem tissue (LaFayette et al. 1999). Then, the Floral Genome 
Project (FGP) was initiated to bridge the gap between model plants. Pre-meiotic 
immature floral tissues from four basal angiosperm species were used for construction of 
cDNA libraries. Among them was yellow-poplar, and the first Liriodendron EST dataset 
contained 9,531 ESTs and 6,520 unigenes (Albert et al. 2005; Liang et al. 2008a). A 
much more comprehensive EST database for Liriodendron was constructed by using ten 
tissue types, including 137,923 unigenes. The database has identified 97% of the known 
cell wall formation genes in other species (Liang et al. 2011). A cDNA library was also 
constructed from secondary xylem after bending a two-year-old yellow-poplar tree stem 
at a 45° angle for 6 hrs. This EST database contains 5,982 unigenes and provides a broad 
array of transcripts involved in tension wood formation, including those for lignin 
biosynthesis (Jin et al. 2011). The first large-insert BAC library for yellow-poplar 
genome was constructed using young floral buds and included 73,728 clones, with a 4.8-
fold genome coverage for the estimated genome size of 1802 Mbp per haploid genome 
(Liang et al. 2007). The screening of this BAC library has revealed some putative gene 
homologs involved in lignin biosynthesis: 4 positive clones for cinnamyl alcohol 
dehydrogenase (CAD), 5 positive clones for 4-coumaryl CoA ligase (4CL), and 8 positive 
clones for phenylalanine ammonia lyase (PAL) (Liang et al. 2007). These resources gave 
a boost to the molecular genetics studies of yellow-poplar as the first basal angiosperm 
species under investigation and strengthened its role in comparative studies. 
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Figure 1.1. Phylogenetic relationship of extant angiosperms. Adopted from Stevens 
(2008). The red arrow shows the position of Magnolieales, in which Liriodendron 
tulipifera resides. The blue arrow shows the position of Malpighiales, in which Populus 
spp. resides. Parsimony optimization was used to build the tree, with bootstrap support of 
>80%.  
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Lignin and its biosynthesis 
The word "lignin" is originated from the Latin word lignum, meaning "wood". 
Lignin is a complex phenolic biopolymer existing in the plant cell wall. It is the second 
most abundant organic polymer in the terrestrial biosphere, exceeded only by cellulose 
(Boerjan et al. 2003). In plant histology, lignin can be found in both primary cell wall and 
secondary cell wall. In the latter case, it is mostly found in the sclerenchyma fibers and 
xylem tracheary elements (Harris 1995). In these secondary cell walls, celluloses are 
synthesized by cellulose synthases on the plasma membrane, which appears to be 
arranged in a rosette shape of six globular complexes (Kimura et al. 1999). Each of the 
cellulose synthase complexes synthesizes six β-1-4 glucan chains, which are then 
covalently bound together and crystallized into a 36-glucan-chain microfibril (Herth 
1983). These chains of cellulose provide the plant cell wall different cable-like 
overlapping layers that are spatially oriented due to the dynamic movements between 
cellulose synthase complexes on the plasma membrane and microtubules in the 
cytoplasm (Somerville 2006). The crystalline core of cellulose microfibrils is then coated 
by amorphous hemicelluloses, which mainly contain xyloglucan, xylans, and mannans in 
the case of woody angiosperms (Himmel et al. 2007; Sarker et al. 2009). The matrix of 
celluloses and hemicelluloses is then impregnated with lignin, together offering the 
secondary cell wall mechanical strength, rigidity, and hydrophobicity (Ralph et al. 2007). 
The lignin composition differs among plant taxa, tissue types, and developmental stages. 
In angiosperm species, the main components in the lignified secondary cell walls are 
guaicyl (G) and syringyl (S) units while the primary component of lignin in the 
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gymnosperm secondary cell wall is guaicyl (G) unit (Sarker et al. 2009). Besides, the 
phenolic compounds in the lignin structure are integrated together through free radical 
coupling reactions (Ralph 2004). The amorphous nature of the lignin polymers prevents 
specific enzymes to evolve to efficiently degrade it, therefore providing plants not only 
mechanical strength but also resistance to cell-wall degrading enzymes from insects and 
pathogens (Iiyama et al. 1994). 
Lignin is one of the products from the phenylpropanoid pathway derived from 
phenylalanine via deamination, hydroxylation, and a variety of modifications. The 
biosynthesis of lignin in plants has been extensively studied for several decades with 
continuous updates and revisions from the results of new researches (Figure 1.2) (for 
reviews, see Brown 1966; Freudenberg and Neish 1968; Whetten and Sederoff 1995; 
Christensen et al. 2000; Baucher et al. 2003; Boerjan et al. 2003; Bonawitz and Chapple 
2010). In general, the synthesis of lignin monomers (or monolignols) starts from the 
deamination of phenylalanine to cinnamic acid by the aid of phenylalanine ammonia 
lyase (PAL). The cinnamic acid is then hydroxylated to p-coumarate in the presence of 
cinnamate 4- hydroxylase (C4H). The p-coumarate is further catalyzed by 4 - coumarate 
CoA ligase (4CL) to form p-coumaroyl CoA. The three steps above seem to be shared 
between the biosynthesis of different monolignols and are also common steps for the 
synthesis of flavonoids and other products. In one way, the p-coumaroyl CoA can be 
directly reduced by (hydroxy)cinnamyl CoA reductase (CCR) to p-coumaraldehyde, and 
thus be hydrogenated by (hydroxy)cinnamyl alcohol dehydrogenase (CAD) to p-
coumaroyl alcohol, which is incorporated into lignin structure as a p-hydroxyphenyl (H) 
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unit. Alternatively, the p-coumaroyl CoA can use an acyl donor, the hydroxycinnamoyl 
CoA:shikimate hydroxycinnamoyl transferase (HCT) to synthesize p-coumaroyl 
shikimate. The p-coumaroyl shikimate is hydroxylated at the 3’ position of p-coumaroyl 
ring by p-coumaroyl shikimate 3’-hydroxylase (C3’H) and then deprived of shikimate by 
HCT to form caffeoyl CoA. The caffeoyl CoA is methylated by caffeoyl CoA O-
methyltransferase (CCoAOMT) to yield feruloyl CoA, the precursor of coniferaldehyde 
and coniferyl alcohol. The enzymes CCR and CAD catalyze the reductions of feruloyl 
CoA and coniferaldehyde, respectively, to form the guaiacyl (G) unit. In the former 
reaction, coniferaldehyde can also be detoured by ferulate 5-hydroxylase (F5H) to make 
5-hydroxyconiferaldehyde and then methylated by caffeic acid O-methyltransferase 
(COMT) to produce sinapaldehyde, which can be reduced by CAD into sinapyl alcohol to 
form syringyl (S) units. These monolignols are intracellularly produced and transported 
to the apoplast for polymerization. The mechanism involved in the transport is yet to be 
understood, although the Golgi-mediated vesicle is not likely to be involved (Kaneda et 
al. 2008). The monolignols in the apoplast first undergo single-electron activation by 
wall-bound laccase and/or peroxidases to form free radicals (Ralph 2004). Chemical 
bonds between two such radicals can occur by free radical coupling. The major linkage 
between lignin monomers is called a β-O-4 (β-aryl ether) bond though many other 
linkages occur, such as β-5, 5-5, β-1, β-β and 4-O-5 linkages (Ralph et al. 1998; 
Lapierre et al. 1999; Boerjan et al. 2003). As the free radicals add to the end group, 
phenolic chains of lignin structure extend and crosslink with each other.  
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Figure 1.2. The lignin monomer biosynthesis pathway. Each arrow represents a reaction 
in the pathway with the associated enzyme beside it. The grey intermediates, arrows, and 
enzymes are thought not to significantly contribute to lignin biosynthesis pathway in 
wild-type plant but may be important in some mutants or transgenic plants or only found 
in some plant species and have yet to be verified in other plants. (Bonawitz and Chapple 
2010) 
 
Among all of the enzymes involved in the lignin biosynthetic pathway, CAD is 
the first and most studied enzyme, responsible for the last step of monolignol 
biosynthesis, the reduction of three hydroxycinnamyl aldehydes into their respective 
alcohols. In prokaryotes, two CAD enzymes have been found in yeast: ADH6 (Larroy et 
al. 2002a) and ADH7 (Larroy et al. 2002b). The gymnosperm plants have a single CAD 
gene encoding the enzyme, which has high affinity for coniferaldehyde but much lower 
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affinity for sinapaldehyde (O’Malley et al. 1992). In most of the angiosperm species, a 
multi-gene CAD family has been found to encode isoforms of the enzyme, each of which 
may have various substrate preferences. Arabidopsis contains nine CAD genes, in which 
AtCAD4 and AtCAD5 are mainly responsible for lignin production (Kim et al. 2004; 
Sibout et al. 2005). AtCAD4 and AtCAD5, along with CAD genes in other plant species 
that have established roles in monolignol biosynthesis, were called bona fide CADs 
(Youn et al. 2006, Barakat et al. 2010, Guo et al. 2011). In rice, there are 12 CAD genes 
(Tobias and Chow 2005). Populus trichocarpa contains 15 CAD genes and Medicago has 
17 (Barakat et al. 2009). The CAD gene family has long been believed to be the only 
gene family candidate that encodes enzymes catalyzing the dehydrogenation reaction 
before the alcohols go to oxidative polymerization. However, the discovery of Li et al. 
(2001), who claimed to find a novel Sinapyl Alcohol Dehydrogenase (SAD) gene in aspen 
(Populus tremuloides), has brought controversy into the theory. The new aspen SAD had 
low identity to aspen CAD gene family members (~10% to 53%) and other angiosperm 
monolignols CADs (~50%). The RNA and protein gel blot further confirmed that aspen 
SAD had strong expression in phloem tissues that are syringyl lignin-enriched. Kinetic 
analysis showed that the aspen SAD enzyme preferred sinapaldehyde to coniferaldehyde 
as its substrate while the opposite occurred in the case of aspen CADs. The enzymatic 
activity of aspen SAD for sinapaldehyde is about 60 times greater than aspen CADs (Li 
et al. 2001). Since CAD and SAD are involved in the same step in lignin biosynthesis, the 
only biochemical difference between these two enzymes is the preference of using either 
coniferaldehyde or sinapaldehyde as a substrate. Hence, the protein sequences and 
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structures are of great importance for the substrate specificity. Bomati and Noel (2005) 
have further described the crystal structure of the aspen SAD and the active sites for 
NADP+/NADPH binding, Zn2+ coordination, and substrate binding pocket. By looking at 
its three-dimensional structure and using computer-aided substrate docking, they have 
confirmed that sinapaldehyde is preferred in aspen SAD due to its additional 5’-methoxy 
group, which stabilizes its position against the hydrophobic surface of the binding pocket. 
In addition to aspen SAD, they included aspen CAD and CAD homologs in Arabidopsis, 
strawberry, parsley, and pine for protein sequence analysis. They have determined Gly-
302 as the key amino acid for the aspen SAD substrate specificity, which in turn is Phe-
302 in all the CADs (Figure 1.3) (Bomati and Noel 2005). 
 
Figure 1.3. Alignment of SAD-like and CAD-like proteins. Catalytic Zn2+ ion 
coordinating residues are shaded in blue; proton shuttle residues are shaded in orange; 
key bulky active site residues are shaded in purple; structural Zn2+ ion coordinating 
residues are shaded in green; residues defining active site topology are shaded in pink; 
and the residue proposed to be the key determinant of substrate specificity is shaded in 
yellow (Bomati and Noel 2005, Copyright American Society of Plant Biologists, 
www.plantcell.org). 
 
The discovery of aspen SAD as a sinapaldhehyde reacting enzyme has generated 
a series of suggestions to add SAD as an alternative enzyme for the last step of 
monolignol biosynthesis (Boerjan et al. 2003; Jorgensen et al. 2005; Shi et al. 2010; 
Umezawa 2010). However, extensive studies of Arabidopsis CAD homologs failed to 
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identify any enzyme that showed preference for sinapaldehyde (Kim et al. 2004). 
Furthermore, Sibout et al. (2005) successfully determined that Arabidopsis CAD4 and 
CAD5 were the primary CAD genes involved in lignin biosynthesis. The stems of the 
cad4 cad5 double mutant plants had reduced rigidity as they matured and showed distinct 
lignin patterns in both UV autoradiography and histochemical staining (Figure 1.4) 
(Sibout et al. 2005). The lignin content in the mutant stems was reduced by 40%. The 
guaicyl and syringyl units in the mutant were reduced by 94%, and the S/G ratio was also 
greatly decreased when compared with wild-type plants. Both xylem and fiber lignin 
contents were affected as demonstrated by Fourier transform infrared spectroscopy 
analysis. Gene chip hybridization data suggested that expressions of CAD4 and CAD5 
were substantially reduced along with alterations of other genes involved in cell wall 
integrity (Sibout et al. 2005). When using this cad4 cad5 double mutant as a gene rescue 
target, Sibout et al. (2005) also attempted to rescue the double mutant’s phenotype of 
limp floral stem with Arabidopsis CAD4, Arabidopsis CAD5, a Populus deltoids CAD, a 
spruce (Picea abies) CAD, and a Populus tremula × tremuloides SAD gene. The 
molecular complementation with all the CAD genes resulted in rescuing the lignin 
deficiency by restoring the G and S monomer yield. The phenotype of the collapsed floral 
stem in the cad4 cad5 double mutant was also absent with the introduction of these 
foreign CAD genes. Nevertheless, complementation with the aspen SAD resulted in only 
a slight increase of lignin content (still 80% lower than the wildtype), and the yield of 
syringyl monomers in the SAD transgenic plants was still 82% lower than the wild-type 
plants. The role of SAD as a CAD substitutive enzyme has also been challenged by the 
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finding that a CAD-suppressed transgenic plant accumulated both coniferaldehyde and 
sinapaldehyde, indicating its versatile enzyme activity (Halpin et al. 1994; Ralph et al. 
1998; Kim et al. 2002; Sibout et al. 2005). Recently, it was reported that RNAi-induced 
suppression of SAD in tobacco (Nicotiana tabacum) showed no change in lignin content, 
composition, structure, or S lignin monomer, while double RNAi-induced suppression of 
tobacco CAD and SAD reduced G and S monomers and enhanced the incorporation of 
sinapaldehyde in the transgenic plants (Barakate et al. 2011). It is still under debate 
whether CAD or SAD is responsible for the reduction of sinapaldehyde to sinapyl 
alcohol.  
 
Lignin modification for improvement of its degradation 
Despite its importance to plant structure and function, lignin is an undesired 
component in many industrial procedures. Due to the nature of its complex and rigid 
structure, lignin is highly resistant to both mechanical disruption and enzymatic 
degradation. Since most of lignin is cross-linked with celluloses and hemicelluloses, the 
major challenge for polysaccharide extraction from woody tissues is to effectively 
remove the lignin encrusted outside before getting access to celluloses. With regard to 
forages, the recalcitrance of lignin resides in both decreasing the digestible energy (DE) 
value of forage by impeding the digestion of the structural celluloses and hemicelluloses 
and limiting the dry mass intake because of its slow movement in the animal digestive 
systems (Moore and Jung 2001). In traditional paper pulping, there are two major 
categories for the production of paper pulp: mechanical methods and chemical methods  
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Figure 1.4. Phenotypes of Arabidopsis cad4 cad5 double mutant and histochemical 
analysis of lignified tissues. (A) Stems of the cad-c cad-d mutant tend to lay down at a 
mature stage. (B) Dried cad-c cad-d stems are flat and twisted and show a reddish-brown 
color (top half) compared with the yellow color and round shape of the wild type stems 
(bottom half). (C) to (J) Light microscopy of cross sections of stems or hypocotyls. (C) 
Transverse section of mature cad-c cad-d stem (arrowheads show xylem vessels). (D) 
and (E) transverse sections under UV light fluorescence of the base of a stem of cad-c 
cad-d (D) and the wild type (E). (F) and (G) Variations in phloroglucinol staining in the 
vascular tissues of the wild type (F) and mutant (G) hypocotyls. (H) to (K) Color of 
lignified tissues in the wild-type stem ([H] and [J]) and the cad-c cad-d stem ([I] and [K]) 
before ([H] and [I]) and after ([J] and [K]) Mäule staining. (L) and (M) UV light 
microscopy of hypocotyls from the wild type (L) and cad-c cad-d (M) previously treated 
with the Mäule staining procedure. (N) and (O) Fiber and xylem elements of the wild 
type (N) and cad-c cad-d (O) under UV previously treated with a solution of Safranin 
O/Alcian Blue (Sibout et al. 2005, Copyright American Society of Plant Biologists, 
www.plantcell.org). 
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(Baucher et al. 2003). The mechanical separation produces paper pulp without removal of 
lignin content in the raw material, thus having the highest yield of paper pulp. However, 
 the quality of the paper product may be unsatisfactory since the presence of lignin 
hinders the bleaching process. Therefore, the paper product turns yellow as the lignin 
ages in it. The chemical pre-treatment, mostly Kraft process, extracts a large part of the 
lignin polymers by using alkali and sulfide in a high-temperature and high-pressure 
environment. The removal of lignin makes the paper product easy to bleach and enhances 
the paper’s brightness. Nevertheless, the extreme conditions and harsh chemicals used in 
this process give rise to concerns about environmental impact (Biermann 1996).  
Recently, energy shortage and the demand for a sustainable industrial society 
have triggered the effort to seek alternative energy sources instead of the traditional fossil 
fuels. Renewable bioenergy, such as bioethanol and biodiesel, holds great promise for 
reducing the dependence of petroleum products. In fact, bioethanol production has had a 
long history of serving as an automotive fuel. The US history of using ethanol and 
ethanol-gasoline blends as vehicle fuels started with the invention of the first ethanol-run 
engine by Henry Ford, Nicolas Otto, and others in the late 1800s (Hunt 1981). Since then, 
the demand for ethanol as a fuel-blender has fluctuated depending on the balance of 
petroleum supply, energy and environmental policies, and the advance of new 
technologies. Brazil has developed a large-scale ethanol fermentation industry from its 
sugarcane farmlands in response to the Organization of the Petroleum Exporting 
Countries (OPEC) oil embargo in 1973. During the peak time in the late 1980s, more 
than half of the vehicles run in Brazil were using 95 percent anhydrous ethanol (E95). 
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Although they suffered from the shortage of sugarcane supply and the price boost 
afterwards, 20 percent of the cars are flex-fuel vehicles on Brazilian streets today. 
Bioethanol takes up about 40 percent of the total vehicle fuel within the country and gas 
stations are required to provide at least 25 percent anhydrous ethanol (E20) blended 
gasoline (Solomon et al. 2007). In contrast, bioethanol only takes up about 2 percent of 
the total transportation fuel mixes in US, which is much lower than the goal set by the US 
Department of Energy to replace 30 percent of liquid petroleum transportation fuel with 
biofuels by the year of 2025 (Ragauskas et al. 2006). More than 95 percent of the current 
bioethanol production in the US is produced from corn while the rest is from the 
fermentation of wheat, barley, and beverage residues (Solomon et al. 2007). The use of 
these food crops to produce energy has raised intense arguments about the balance of 
food and energy, the competition for the fertile farmlands, and the energy cost (Pimentel 
2003; Azar 2005; Patzek et al. 2005). In order to bypass such issues, lignocellulosic 
materials have become an emerging alternative feedstock. One of the major advantages 
of using lignocellulosic materials for bioethanol production is that it is not directly related 
to food production, which means it does not compete with crops like cane or corn for 
fertile arable land. Another benefit is that lignocellulosic biomass is also a potential 
producer in various treatments for many other industrial and chemical products, such as 
biogas, hydrogen, heat, and electricity (Chum and Overend 2001). However, 
lignocellulosic biomass is more resistant to external assault on its structural sugar because 
of the presence of lignin. The recalcitrance of lignocellulosic feedstock to chemical 
and/or enzymatic treatment may result from: (1) the epidermal cells of plant tissues, 
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especially cuticles and epicuticular waxes; (2) the vascular bundles and their 
arrangements in the plant body; (3) the amounts of sclerenchymatous cells; (4) the degree 
of lignification; (5) the complexity and heterogeneity of cell-wall structure components, 
such as microfibrills and matrix polymers; (6) the challenge for cellulases and 
hemicellulases to degrade insoluble structures; and (7) the inhibitors naturally occurred in 
the plant structures and produced during treatments (Himmel et al. 2007). In the current 
biorefinery model, there are three main steps for the bioethanol production: first, a 
thermochemical pretreatment of the feedstock to make easier access to the cellulose for 
the catalytic enzymes; second, enzymatic saccharification, usually by cellulases and 
hemicellulases; and third, sugar fermentations by microbial organisms (Gray et al. 2006). 
The pretreatment is essential to prepare celluloses for the following steps and gain high 
product yield. The ideal aim is to break down the cell wall matrix, the linkage between 
cellulose, hemicellulose, and lignin, and possibly even the cellulose crystalline structure 
so that cellulose can be released for the enzymatic hydrolysis. The pretreatment can also 
influence the downstream reaction efficiency by affecting factors such as fermentation 
toxicity, enzymatic hydrolysis rate, enzyme loading, mixing power, product 
concentration and purification, waste treatment demand, power generation, and so on 
(Wyman et al. 2005). Current pretreatment strategies include several categories, each 
with their own advantages and disadvantages. The acid pretreatments mainly use sulfuric 
acid to hydrolyze hemicellulose, leaving cellulose and lignin intact. However, the strong 
acids used in the pretreatment leave high level of furfurals in the liquid, which can have 
deleterious effects on the microbial fermentation. The alkaline approaches with ammonia 
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tend to have more hydrolysis on the lignin component than others. But high 
concentrations of ferulates and acetates in the liquid phase of alkaline hydrolysates can 
also affect the following sugar fermentation (Gray et al. 2006). 
Since lignin is the major cause of recalcitrance for the woody biomass, efforts for 
efficient removal of lignin, or delignification, have been extensively conducted and 
applied to both biofuel and paper industries. However, delignification, such as with an 
organic solvent, an ionic liquid, or Kraft pulping processes, is cost inefficient (Simmons 
et al. 2010). In addition, the high temperature and pressure applied in the delignification 
process raise the energy input and the instrument cost. The cloning of genes involved in 
the lignin biosynthesis has made it possible to manipulate the expression of these genes 
for modifying lignin content and structure, so that the cost of pre-treatment could be 
reduced. Lignin modification should facilitate the removal of lignin and the following 
extraction of cellulose in the secondary cell wall without detrimentally affecting the plant 
physiological traits. 
The alteration of lignin has occurred in both natural evolution and adaptation by 
human breeding programs. For example, the natural phenotypes of maize brown-midrib 
(bm) mutants that have been described in 1924 show reddish-brown pigmentation in the 
midrib of young leaves. As the mutant plant matures, the pigmentation gradually fades at 
the plant surface but is still visible in the lignified rind and vascular bundles (Cherney et 
al. 1991). The lignin content in the bm1 mutant was reduced by 20% and more C-C 
linkages were incorporated in the lignin structure. The phenotype of bm1 mutant showed 
correlation to the decreased expression of CAD gene. The CAD gene locus was mapped 
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close to the location of bm1 and co-segregated with the bm1 locus in two independent 
recombinant inbred lines (Halpin et al. 1998). In the bm3 mutant, a retrotransposon 
insertion and a deletion have been found in the caffeic acid O-methyltransferase (COMT) 
gene sequence, which are believed to have correlation with the mutant phenotype 
(Vignols et al. 1995). Further analysis of bm1, bm2, bm3, bm4 mutant, and bm1-bm2 
double mutant plants showed that bm3 and bm1-bm2 have significantly less lignin 
content while bm3 also has elevated levels of benzodioxane and ferulate (Marita et al. 
2003). In tree species, a cad-n1 mutant in loblolly pine (Pinus taeda L.) has been 
identified and genetically mapped in a haploid mapping population. The cad-n1 
homozygous mutant plant had only less than 1% of the wild-type CAD activity. The 
wood of cad-n1 mutant showed distinct brown colors in tracheids but not in nonlignified 
ray parenchyma cells. The lignin content in the mutant was also decreased in terms of 
both Weisner staining and Klason measurement (Mackay et al. 1997). The clone selection 
7-56 is the only known natural carrier of cad-n1 mutant and is one of the best loblolly 
pine trees for commercial use in paper industry. The clone has greater wood density 
measured at 15 years of age and greater height growth measured at both 6 years of age 
and 15 years of age (Yu et al. 2006). 
In reverse genetics, plant transformation by particle bombardment or 
Agrobacterium-mediated transformation has given rise to a series of gene manipulation 
reports. For example, the antisense inhibition of 4 - coumarate CoA ligase (4CL1) in 
transgenic aspen (Populus tremuloids) resulted in up to a 45% reduction of lignin content. 
The cellulose content of the transgenic plants was increased by 9-15% along with an 
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increase of growth parameters, thus giving an absolute enhancement of transgenic 
lignocellulosic material content (Hu et al. 1999). The severity of 4CL1 down-regulation 
corresponded with the decrease of lignin and the increase of cellulose, indicating that the 
redundancy of 4CL may account for the transgenic phenotype. Similarly, the 4CL 
antisense Arabidopsis lines had as low as 8% residual 4CL activity with corresponding 
decreased extractable lignin content. The amount of guaicyl unit of the 4CL-suppressed 
plant was greatly reduced while that of syringyl unit was not severely affected (Lee et al. 
1997). The overexpression of F5H driven by the C4H promoter increased the syringyl 
monomer content in the transgenic tobacco and poplar (Franke et al. 2000). Further 
analysis of the F5H overexpressing poplar showed enhanced performance of paper 
pulping by decreasing its residual lignin (Kappa number) and increasing its brightness 
without significant changes in total lignin content and phenotypes (Huntley et al. 2003). 
In alfalfa, a comprehensive gene manipulation for the lignin biosynthesis pathway was 
conducted including PAL, C4H, HCT, C3H, CCoAOMT, F5H, and COMT (Chen et al. 
2006). The lignin content in these single-gene suppressed lines was decreased in the order 
of wild-type and F5H (most lignin content) > COMT and CCoAOMT > C4H, C3H, and 
HCT (less than 50 percent of the wild-type). The lignin S/G ratios in the transgenic plants 
varied between 0.3 and 1.0 with a relatively higher H monomer content in the HCT and 
C3H transgenics. A strong, negative correlation was present between lignin content and 
sugar release by enzymatic hydrolysis. Suppression of CAD by RNAi in the transgenic 
maize stems resulted in a slight change of the S/G ratio without greatly affecting total 
lignin content (Fornalé et al. 2011). The transgenic plant accumulated higher levels of 
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cellulose and arabinoxylan. The transgenic maize grown in the field had similar 
phenotypes to the wildtype, but the amount of total dry biomass increased. CAD-
suppressed maize biomass also produced more ethanol than the wildtype, indicating that 
CAD may be a good target for lignin modification in bioenergy industry (Fornalé et al. 
2011). A four-year trial for CAD or COMT down-regulated poplar trees in the field has 
been conducted in both France and the UK. The CAD down-regulation has resulted in 
improvement of Kraft pulping properties for transgenic trees while the plant growth, 
pathogen resistance, and soil microbial activities have not been detrimentally affected. 
The 6% saving in chemical use and the 2-3% increase in pulp yield in a CAD transgenic 
line ASCAD21 have rendered it the first commercially valuable field test for transgenic 
woody plants (Pilate et al. 2002). It is highly possible that CAD/SAD might be a suitable 
target in other angiosperm species for lignin modification for enhancing the production of 
biofuels. In forward genetics, large scale screening of mutagenesis also gave evidence of 
gene manipulation for lignin biosynthesis. A UV-induced screening mutagenesis of 
Arabidopsis seedling found recessive mutations at four reduced epidermal fluorescence 
(ref) loci, which reduced leaf sinapylmalate content (Ruegger and Chapple 2001). The 
characterization of the allelic series of ref3 mutants showed missense mutations in C4H 
gene. The recombinant C4H protein was likely to be misfolded, which may affect the 
enzyme function. The C4H mutant plant showed pleiotropic phenotypes, including 
dwarfism, pollen sterility, and abnormal branch swelling. The lignin content in the 
mutant was reduced and the lignin composition was also altered (Schilmiller et al. 2009). 
Moreover, a ref8 mutant, identified in the same screening mentioned above, accumulated 
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p-coumaroyl esters and high levels of flavonoids. The positional mapping of REF8 gene 
indicated that it functions as a cytochrome P450-dependent monooxygenase, CYP98A3 
(Franke et al. 2002a). Further analysis of ref8 also showed reduced lignin content and 
increased H unit, substantiating the evidence that CYP98A3 is a 3-hydroxylase (C3’H) in 
the lignin biosynthesis pathway (Franke et al. 2002b). Genetic engineering of other 
genes, such as PAL, HCT, CCoAMT, and CCR, could also contribute to the changes of 
monomer compositions and the amounts of lignin present in the transgenic plants from 
herbaceous to woody species (for reviews on lignin engineering, see Baucher et al. 2003; 
Chen and Dixon 2007; Li et al. 2008; Vanholme et al. 2008, Bonawitz and Chapple 
2010).  
In addition, the complex network of lignification is also coordinated with the 
depositions of cellulose, hemicellulose, and other components in secondary cell wall 
formation. The genetic approaches to identify tissue-specific transcription factors that are 
responsible for the regulation of these enzymatic cascades have contributed to lignin 
modification. For instance, a male-sterile Arabidopsis mutant was found in a forward 
genetic screening of a transposon-mutagenized population (Steiner-Lange et al. 2003). 
The mutant was shown to be a transposon insertion in the Arabidopsis transcription factor 
MYB26, with its putative DNA-binding domain being disrupted. While the mutant had 
viable pollen, it lacked a thickened cell wall in the endothetical cell layer of the anther 
(Steiner-Lange et al. 2003). Using the information from the Arabidopsis whole genome 
sequence and the technology of chimeric repressor silencing, Mitsuda et al. (2005) 
converted individual NAM (no apical meristem), ATAF (Arabidopsis transcription 
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activation factor), CUC (cup-shaped cotyledon), or NAC (conserved domains of the 
previous three) transcription factor into dominant repressors to investigate their functions. 
Repression of NAC secondary wall thickening promoting factor 1 (NST1) and NST2 led 
to an anther dehiscence defect, which is due to the loss of cell wall thickening in the 
anther endothecium (Mitsuda et al. 2005). Furthermore, the nst-1 nst-3 double mutant did 
not show the secondary cell wall thickening in the interfascicular fibers and secondary 
xylems, except in the vascular vessels (Mitsuda et al. 2007). Investigation of secondary 
wall-associated NAC Domain Protein1 (SND1) also revealed two other transcription 
factors, MYB59 and MYB63, which are specifically expressed in fibers and vessels. 
Overexpression of MYB59 and MYB63 activated lignin biosynthetic genes, thus giving 
ectopic lignin depositions in those cells normally not lignified (Zhou et al. 2009). 
Regulation of these transcription factors has provided a new aspect of lignin modification 
although the actual relations between transcription factors and genes are still unclear. 
Despite the promising results obtained from lignin modification, there are 
undesirable phenotypes in some of the transgenic plants. The phenotype of a severe 
Arabidopsis mutant irx4 showed collapsed xylem, indicating that the secondary cell wall 
deposition in the mutant was compromised. The irx4 plant has less than 50% of the lignin 
content compared with the wild-type plant, while the cellulose and hemicellulose 
contents were not significantly changed. The irx4 mutant was further confirmed as a 
mutation that occurred in the splicing site in the second intron of CCR gene (Jones et al. 
2001). The delayed growth and inability of the irx4 mutant to keep an upright growth 
habit imply that such plants are not suitable for large-scale industries even though the 
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lignin manipulation is successful. In the Arabidopsis ref8 mutant, although the 
polysaccharide hydrolase treatment gave more complete digestion than in the wildtype, 
the residue after treatment was only one-fifth of the original cell wall preparations. In 
contrast, the wild-type plant cell wall residue remained half of the original cell wall 
preparations. In addition, mycelial growth developed more frequently at the top of the 
ref8 inflorescence. In comparison, there were few symptoms of fungal growth in the 
wild-type plants. This observation suggests that lignin reduction in the ref8 mutant is 
correlated with its susceptibility to fungal infection. Hence, lignin modification and its 
impact on cell wall structure digestibility may affect plants’ susceptibility to pathogens. 
Some maize brown-midrib mutants have been reported to show reduced resistance to the 
pathogen Fusarium moniliforme (Nicholson et al. 1976). Inoculation of the fungus 
Melampsora pinitorca on detached leaves of a poplar hybrid triggered the increased 
expression of CCoAMT in the infected area, which is closely associated with the lignified 
regions (Chen et al. 2000). Transcriptome profiling of an infected poplar hybrid with 
Melampsora revealed the up-regulation of almost the entire biochemical pathway 
involved in lignin biosynthesis, including PAL, C4H, HCT, 4CL, CCoAMT, CCR, and 
CAD (Azaiez et al. 2009). Thus, alternative methods for lignin modification are still 
needed to address the shortcomings of current lignin biotechnology.  
 
Expressing a tyrosine-rich cell wall peptide (TYR) for lignin modification 
Recently, a novel way to modify lignin structure with the introduction of a 
tyrosine-rich cell wall peptide gene in poplar gave no significant change in overall lignin 
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content or plant morphology in the transgenic plants while the polysaccharide released 
from the transgenic plant biomass in in vitro protease treatment was higher than the wild-
type plants (Liang et al. 2008b). The approach was to introduce tyrosine amino crosslinks 
into lignin to make the lignin polymer susceptible to protease digestion. Specifically, a 
hybrid poplar clone, OGY (Populus deltoides Marsh. × P. nigra L.), was transformed 
with a sequence encoding a tyrosine-rich peptide (TYR) that was fused to a cell wall 
localization transit sequence (Dharmawardhana et al. 1999). A poplar phenylalanine 
ammonia-lyase gene (PAL2) promoter was utilized to drive the transgene expression 
primarily in lignifying tissues by (Gray-Mitsumune et al. 1999). The tyrosine-rich 
peptide, derived from a Petroselinum crispum (parsley) hydroxyproline-rich glycoprotein 
(HRGP), contains 10 Ser-Pro4 motifs common to all HRGP proteins and 6 Tyr3 motifs 
(Kawalleck et al. 1995). Hydroxyproline-rich glycoproteins are important structural 
components of plant cell walls and can accumulate in response to pathogen infection as 
an apparent defense mechanism by way of cross-linking within the polysaccharide matrix 
of the cell wall (Deepak et al. 2007; Shailasreea et al. 2004; Showalter et al. 1985). 
Although preliminary, this may provide a new, viable approach to efficiently modify 
lignin structure without alteration of lignin biosynthesis and advance the potential of 
utilization of woody biomass as the feedstock in the bioenergy industry. 
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CHAPTER TWO 
LTUCAD1 IS A PRIMARY CINNAMYL ALCOHOL DEHYDROGENASE GENE 
INVOLVED IN LIGNIN BIOSYNTHESIS IN LIRIODENDRON TULIPIFERA L., A 




Cinnamyl alcohol dehydrogenase (CAD) is a key enzyme in lignin biosynthesis 
and catalyzes the final step in the synthesis of monolignols. In a previous study, we 
identified seven CAD homologs (LtuCAD1 to LtuCAD7) from a basal angiosperm species 
Liriodendron tulipifera L., which is an important timber tree species with significant 
ecological and economic values. The phylogenetic analysis indicates that LtuCAD1 is the 
only Liriodendron CAD grouped with the bona fide CADs, the CAD genes having 
established roles in monolignol biosynthesis. Here, we showed that LtuCAD1 had the 
highest sequence similarity and identity with the Arabidopsis CAD4 and CAD5 genes. 
The predicted protein sequence of LtuCAD1 had the conserved domains and the same 
key determinant site with the bona fide CADs from other plant species. The quantitative 
RT-PCR analysis revealed that LtuCAD1 had the highest expression level in xylem. 
When expressed in the Arabidopsis cad4 cad5 double mutant, LtuCAD1 was able to 
restore the total lignin content and the S/G ratio to wild type levels. Our data indicate that 
LtuCAD1 is involved in lignin biosynthesis in Liriodendron. 
 
Keywords: Cinnamyl alcohol dehydrogenase (CAD), lignin biosynthesis, pyMBMS, 
GUS reporter system 
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Introduction 
As a phenylpropanoid polymer derived from p-hydroxyphenyl (H), guaiacyl (G), 
and syringyl (S) monolignols, lignin is an integral component in the secondary cell walls 
of vascular plants (tracheophytes) and an essential component in the plant conductive 
system by providing rigidity and mechanical strength. Lignin also serves as a physical 
barrier for defense against attack from a wide variety of naturally occurring pathogens. 
However, lignin physically inhibits the accessibility of hydrolytic enzymes to cellulosic 
and hemicellulosic saccharides and thereby hinders the enzymatic saccharification of 
lignocellulosic materials for production of ethanol, despite the fact that it is desirable in 
gasification or pyrolysis due to its high heat value (Baker 1983). Moreover, lignin is an 
undesirable component in the pulp and paper industry since the presence of lignin in the 
chemical pulping process hinders the bleaching process (Baucher et al. 2003). Because of 
its large agricultural and economic importance, lignin biosynthesis has been subjected to 
intensive study during the last two decades, and much progress has been made in the 
understanding of the biochemistry of the enzymes involved. However, there are still 
critical aspects of lignin biosynthesis that are uncertain and unanswered. For instance, it 
remains to be fully understood how syringyl (S) lignin is made. The evolution and the 
function of lignin biosynthesis gene families across species are still elusive. It has been 
suggested that at least ten enzymes are required for lignin biosynthesis (Li et al. 2008). 
Some of these enzymes are multifunctional, and it is uncertain if substrate diversity is 
relevant to the gene family expansion (Xu et al. 2009). 
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Better understanding of lignin biosynthesis not only helps guide the efforts to 
exploit the potential for genetic manipulation of lignin for desirable traits in economically 
important crops. The evolution of lignin is believed to be crucial for plant 
terrestrialization. In particular, lignin has generally been considered to be a hallmark of 
vascular plants (for review, see Weng and Chapple 2010). After all, the body plans of 
early land plants had remained small for tens of millions of years until the rise of vascular 
plants, whose acquisition of the ability to synthesize lignin in their cell walls provided 
mechanical reinforcement (Bateman et al. 1998). Thus, understanding the functions and 
the evolution of lignin biosynthesis genes can advance our knowledge of the evolution of 
land-adaptation for vascular plants. 
A key enzyme in the synthesis of lignin subunits is cinnamyl alcohol 
dehydrogenase (CAD), which catalyzes the final reduction of hydroxyl-cinnamaldehydes 
to the corresponding alcohols and was the first and most studied enzymes in the pathway. 
Due to its important role in determining lignin content and composition, the involvement 
of CAD in lignin biosynthesis has been studied in several plant species, including dicot 
and monocot plants and coniferous species (e.g. Baucher et al. 1996; Lapierre et al. 1999; 
Pilate et al. 2002; Valério et al. 2003; Sibout et al. 2003, 2005; Zhang et al. 2006; 
Saballos et al. 2009; Fornaléa et al. 2012). In particular, expressing the CAD antisense 
gene has enabled the generation of poplar plants with modified lignin more suitable for 
agro-industrial purposes with minimal adverse effects on growth and development 
(Baucher et al. 1996; Lapierre et al. 1999 and Pilate et al. 2002). Compared to other plant 
species, little is known about lignin biosynthesis in basal angiosperms. To date only four 
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Liriodendron laccase genes have been demonstrated with laccase activity in extracts from 
transformed tobacco cell lines (Lafayette et al. 1999). However, the EST datasets recently 
built from Liriodendron stem tissues are a great boost in initiating such studies (Jin et al. 
2011; Appendix B). 
In a previous study, we identified seven CAD homologs (LtuCAD1 to LtuCAD7) 
by mining a comprehensive L. tulipifera EST dataset built from ten different types (Liang 
et al. 2011; Appendix B). Based on the classification of the nine Arabidopsis CAD 
proteins (Eudes et al. 2006), LtuCAD1 seems to be the primary CAD gene involved in 
lignification since it is the only Liriodendron CAD grouped with the bona fide CADs 
class, while LtuCAD4, 5, 6, and 7 group with class II, and LtuCAD2 and 3 are in class IV. 
As reported previously, not all CAD proteins in plants participate in lignin biosynthesis 
(Saathoff et al. 2011; Kim et al. 2007). Thus, it is important to examine the function and 
the evolution of all the seven Liriodendron CADs. Here we report on the spatial 
expression of these homologs and the functional characterization of LtuCAD1. 
 
Materials and Methods: 
Protein bioinformatics of CAD/SAD family genes 
The protein sequences of CADs and SAD from Liriodendron, Arabidopsis, 
Populus, Eucalyptus, loblolly pine (Pinus taeda), and strawberry (Fragaria ananassa) 
were retrieved as previously described in Appendix B and Bomati and Noel (2005). The 
protein sequences of Liriodendron and Arabidopsis were first aligned using Iden and Sim 
in Sequence Manipulation Suite (Stothard 2000). Then, protein sequences from other 
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species were added and aligned with ClustalW (Thompson et al. 1994). The protein 
structure of LtuCAD1 was first predicted using the SWISS-MODEL workspace (Arnold 
et al. 2006). The predicted LtuCAD1 protein structure was drawn with the program Jmol 
(Jmol: an open-source Java viewer for chemical structures in 3D. http://www.jmol.org/). 
 
Quantitative reverse transcription-PCR (qRT-PCR) for the LtuCAD gene family 
Six types of tissue samples (young leaf and its petiole, old leaf and its petiole, 
terminal bud, and xylem) from a mature yellow-poplar tree at the Clemson University 
campus were collected in May of 2011, with the exception for terminal buds, which were 
collected in August. The tissues were frozen in liquid nitrogen right after collection in the 
field and were stored in -80°C until RNA extraction. The xylem tissue was collected as 
described previously in Liang et al. (2011), and the root tissue was collected from one-
year-old yellow-poplar seedlings in the greenhouse. 
The collected samples were first ground separately with a mortar and a pestle in 
liquid nitrogen. Total RNAs were extracted using a QIAGEN RNeasy Plant Mini Kit 
(QIAGEN, CA). The total RNAs were then treated with a TURBO DNA-free kit 
(Ambion, NY) to remove any DNA carry-over. PCR with an LtuCAD1 primer pair 
(forward 5'-AGTGATAGGATGGGCAGCTAGAGA-3', and reverse 5'-
AAACAGGCCCAGATGATGTGGTCA-3'), which spanned the first intron of LtuCAD1, 
was performed to check for genomic DNA contamination. The PCR was set as follows: 
95°C denaturation for 2 min, 35 cycles of 95°C denaturation for 30 sec, 55°C annealing 
for 30 sec and 72°C extension for 30 sec. The quality of all total RNAs was assessed by 
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1% agarose electrophoresis. The quantity of all total RNAs was measured in a 
Biophotometer 6131 (Eppendorf AG, Hamburg, Germany) according to manufacturer's 
instruction. Total cDNAs were synthesized using a High-capacity cDNA Reverse 
Transcription kit (Applied Biosystems, CA) and diluted to 1000ng/µl. The 25µl qRT-
PCR reactions included 2x IQ SYBR green supermix (Bio-Rad, CA), 1µl of cDNA 
templates, and 1µl of 10µM of each gene-specific primer (Table 2.1) and were performed 
in a Stratagene MX3000p QPCR system (Agilent, CA) with the cycle setting as follows: 
95°C denaturation for 10 min, 40 cycles of 95°C denaturation for 30 sec, 55°C annealing 
for 30 sec and 72°C extension for 30 sec. The putative poplar housekeeping genes, 
ACT11, ACT2, TUA, UBQ, 18S described in Brunner et al. (2004), and a poplar EST 
(Genbank accession number XM_002313230.1) similar to the Arabidopsis thaliana 
expressed gene At5g12240 (Czechowski et al. 2005) were used to test the stabilities of 
internal standards in our cDNA samples, and the poplar Tubulin A (TUA) was selected 
based on the analysis conducted as described in Brunner et al. (2004). At least three 
technical replicates were included for each gene. 
 
Table 2.1. Primers for quantitative RT-PCR of LtuCAD homologs. Poplar Tubulin A 
(TUA) primers served as the internal standard. 
Homolog Forward primer sequence (5’ to 3’) Reverse primer sequence (5’ to 3’) 
CAD1 CGAACCATAGTCAACCGTCC GGAGTATCTATCACGCAAAC 
CAD2 GCTTAGCATTCGTTTGTAGCAGC TAGAAGGGATGAGTGAAGAGGC 
CAD3 GTTATACTGCCCAGAAGGATGGGT GTGAGCATCTTAGCGCATGTTTCA 
CAD4 TCGGTGTATGAGCATCCGAAAGCA ACTCTATCCATCCAGCATCTCCAG 
CAD5 ATGTTGCCCACCAAGTCATGTGTC CATGGCCAAACTCTGAAAGCAGCA 
CAD6 TCTATGTGGGCCACCAAGTCATGT TAGGTCCCACAAGGCGTATAACCA 
CAD7 ATCAGCATCAATGTGGCCCACCAA TATAGGACCGTACACATGACTAGGCG 
TUA AGGTTCTGGTTTGGGGTCTT TTGTCCAAAAGCACAGCAAC 
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Cloning of the LtuCAD1 gene and LtuCAD1/2 promoter 
The coding sequence of the LtuCAD1 gene was cloned from L. tulipifera as 
previously described in Liang et al. (2011). The coding sequence was amplified by PCR 
using the following primers: forward (5'-TCAGGATCCAAGGAGATATAACAATG-3'), 
reverse (5'-ACGGAGCTCTCAAGGGCTGAGATTG-3'). The PCR product was digested 
with BamHI and SstI and inserted into the vector pBIN 35S-mGFP5-ER (Haseloff et al. 
1997), which was pre-digested with the same restriction enzymes to cut off the GFP 
sequence. Since both the Arabidopsis cad4 cad5 double mutant and the pBIN vector 
contained a kanamycin resistance gene, the gene construct (35S 
promoter::LtuCAD1::NOS terminator) was then transferred to a pCambia1301 vector 
(Cambia, Queensland, Australia) using a pCR8/GW/TOPO cloning kit (Life 
technologies, NY) in order to use its hygromycine resistance. The gene construct was 
sequenced to ensure its accuracy. 
The promoter sequences were obtained by genome walking with initial primers 
designed from the EST sequences available in the first Liriodendron EST database (Liang 
et al. 2008). Promoter sequences of LtuCAD1 and LtuCAD2 were cloned from BAC 
clone 115C17 and 172K07, respectively, by PCR with sequence-specific primer pairs: 
forward 5'-TACGCAAACGCCAACTGTAG-3' and reverse 5'-
GAATTCCATCCTATCACTGGACTC-3' for LtuCAD1, and forward 5'-
AACAACACCCTAAAAGCAACA-3' and reverse 5'-
ATGAATTCGAGTCATTGTATTCTCGC-3' for LtuCAD2. The LtuCAD1 and LtuCAD2 
promoter sequences were cloned separately into a pCR2.1-TOPO vector to add another 
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EcoRI site at the beginning of promoter. The promoter sequence was then digested with 
EcoRI and inserted into an EcoRI pre-digested vector pCambia1391Xa (Cambia, 
Queensland, Australia). Sequencing was performed to ensure the reading frame of the 
beta-glucuronidase (GUS) gene and the fidelity of the promoter sequence. The 
TSSP/Prediction of Plant Promoters (Solovyev and Shahmuradov 2003, 
http://softberry.com/berry.phtml?topic=tssp&group=programs&subgroup=promoter) was 
used to predict the potential transcription start sites. The putative motif analysis was 
performed using PLACE web signal scan 
(http://www.dna.affrc.go.jp/PLACE/signalscan.html, Higo et al. 1999, Prestridge 1991). 
 
GUS staining assay 
The LtuCAD1 promoter::GUS and LtuCAD2 promoter::GUS constructs were 
electroporated into the Agrobacterium tumefaciens strain GV13001, and transferred into 
Arabidopsis thaliana Col-0 using the floral-dip method (Desfeux et al. 2000), 
respectively. The resulting Arabidopsis seeds were harvested and selected on 2.5% 
Peter's plant food medium (JR Peters, PA) containing 25µg/ml of hygromycine. Two-
week-old T2 seedlings were collected for root staining. More seedlings were moved into 
the soil and grown in the greenhouse. Different types of tissues (flower, rosette leaf, 
silique, free-hand prepared stem sections) were stained overnight with X-Gluc and 
washed with 70% EtOH as described by Jefferson (1987). Stem sections were prepared 
from the basal part of the three-month-old floral stems. All photos of the GUS staining 
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patterns were taken under a Meiji Techno MX4300L dissection scope (Meiji Techno, 
CA). At least three biological replicates were repeated for each staining. 
 
Gene complementation of Arabidopsis cad4 cad5 double mutant by LtuCAD1 
The LtuCAD1 gene construct in pCambia1301 was introduced into Arabidopsis 
cad4 cad5 double mutant plants using the same procedures as described above. The seven 
T2 seedlings that survived on the medium were transferred into the soil. The presence of 
LtuCAD1 in the genome of the Arabidopsis cad4 cad5 double mutant was confirmed by 
PCR with construct-specific primers (forward 5'-GAGCATCGTGGAAAAAGAAGAC-
3' and reverse 5'- AATTATTACATGCTTAACGTA-3'). Seeds of wildtype, the cad4 
cad5 double mutant, and the LtuCAD1 transformed cad4 cad5 double mutant plants were 
grown in the greenhouse with a cycle of approximate 14hrs light/10hrs dark. The growth 
stages of plants were assessed based on Boyes et al. (2001). The bud formation day was 
recorded when the first bud was visible. The flowering day was recorded when the first 
bud opened its sepal and the white petals became visible. The silique-ripening day was 
referred to as the silique first opened up. The stem-falling day was referred to when any 
part of stem (including flower, bract and silique) started to touch the soil. The above days 
were counted as days after germination. The lengths and widths of 6-week-old rosette 
leaves (three per plant) were measured, as well as the lengths of 9-week-old stems (from 
the base to the top flower). At least five biological replicates were included. The 
statistical analysis was conducted with JMP7.0 (SAS Institute, NC), using Student's t-test 
with a 5% level of significance. 
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Expression analysis of LtuCAD1 in the Arabidopsis cad4 cad5 double mutant with 
quantitative RT-PCR  
The bottom parts (within ~10cm from soil) of the Arabidopsis wildtype, cad4 
cad5 double mutant, and the LtuCAD1 transformed cad4 cad5 double mutant plant stems 
were collected and ground in liquid nitrogen. Three individual plants were pooled 
together to get enough materials. Total RNAs were extracted using an E.Z.N.A Plant 
RNA Mini Kit (Omega Bio-Tek, GA). The quality and quantity of all total RNAs were 
determined, and the total cDNAs were prepared as mentioned above. Quantitative RT-
PCR was performed with the following primers: forward (5'-
CACGGGGGACTCTAGAGGAT-3'), and reverse (5'- 
TACAACTTCATGCCCAGGGACCAT-3''). The following Arabidopsis 18s rRNA 
primers were used as a reference: forward (5'- AATTGTTGGTCTTCAACGAA-3') and 
reverse (5'- AAACCCCAGGGACGTAGTCAA-3'). 
 
Histochemical staining and UV autofluorescence of lignin 
All stem sections were collected at the bottom parts (~5cm) of 3-month-old 
Arabidopsis plants to ensure similar growth condition. Stem sections from Arabidopsis 
wildtype, cad4 cad5 double mutant, and LtuCAD1-transformed double mutant plants 
were prepared by a free-hand sectioning procedure. The total lignin was stained with 
Weisner reagent (1% [w/v] phloroglucinol in 6N HCl) for 30 min and briefly rinsed with 
pure water. The syringyl monomer of lignin was stained with Mäule reagent (0.5% 
KMnO4) for 30 min and washed with 4N HCl until the staining color turned from dark 
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brown to light brown. The staining patterns were observed under a Carl Zeiss Axiovert 
200M microscope (Carl Zeiss, NY). All pictures were taken within 30 min. Free-hand 
prepared stem sections were also illuminated under the same microscope using the filter 
set for Hoecsht/DAPI (360nm exciter and 460nm emitter). For wild-type and LtuCAD1-
transformed stem sections, the exposure time was 500ms, while 900ms was used for the 
cad4 cad5 double mutant stem sections. At least three biological replicates were repeated 
for histochemical staining and UV autofluorescence. 
 
Pyrolysis Mass Beam Molecular Spectrophotometer (pyMBMS) analysis 
The 3-month old stem powders after grinding in liquid nitrogen were freeze-dried 
in a FreeZone 2.5 benchtop freeze dry system (Labconco, MO). The ground stem 
powders were sealed in tea bags and extracted with 70% ethanol overnight in a BUCHI 
Extraction Unit E-816 (BUCHI corp., DE). The pyMBMS assays were conducted at the 
Complex Carbohydrate Research Center (CCRC) at University of Georgia as previously 
described (Evans and Milne 1987; Sykes et al. 2008, Novaes et al. 2009). Two assays 
with different sets of parameters based on either the NREL protocol or previous data 
were used to for optimizing the pyMBMS results. Each assay included a pooled stem 
powder sample from three individual plants for wildtype, double mutant, and each 






Protein sequence alignments of Liriodendron CAD homologs 
The deduced LtuCAD homolog protein sequences were first compared with 
Arabidopsis CAD proteins since Arabidopsis CADs have been extensively studied and 
characterized (Kim et al. 2004). The similarity and identity (Sim/Iden) between 
Liriodendron and Arabidopsis CAD proteins were 40~71% similarity and 58~85% 
identity (Table 2.2). Among the Arabidopsis CAD homologs, AtCAD4 and AtCAD5 have 
been shown to be the primary genes involved in lignin biosynthesis in the floral stem 
(Sibout et al. 2005). Compared with AtCAD4 and AtCAD5 proteins, LtuCAD1 has 
exceptionally higher identity (68% and 70%) and similarity (80% and 81%) among all 
Liriodendron CADs (Table 2.2).  
 
Table 2.2. Sequence identity/similarity among Arabidopsis and Liriodendron CAD 
protein homologs. 
Iden/Sim 
(%/%) LtuCAD1 LtuCAD2 LtuCAD3 LtuCAD4 LtuCAD5 LtuCAD6 LtuCAD7 
AtCAD1 40/58 48/62 74/85 49/64 48/63 48/62 48/62 
AtCAD2 46/62 53/67 48/59 57/70 60/72 59/72 59/73 
AtCAD3 46/63 54/68 48/59 57/70 59/72 59/71 59/72 
AtCAD4 68/80 44/64 43/58 48/65 49/66 49/65 50/67 
AtCAD5 70/81 45/65 45/61 47/64 49/66 48/65 50/67 
AtCAD6 48/66 52/70 47/62 63/78 65/80 64/79 65/80 
AtCAD7 48/65 57/68 50/63 66/79 70/80 69/79 68/78 
AtCAD8 48/64 58/69 48/61 67/79 71/79 71/79 70/78 
AtCAD9 48/65 60/74 50/62 66/79 69/83 67/81 68/83 
 
To further investigate the relationship between Liriodendron CAD proteins and 
those from other species, we included the CAD homologs from various plant species 
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(Eucalyptus, Populus, rice, pine, and strawberry). The protein sequence alignments 
showed high similarity among the conserved domains, such as the Zn binding motif, 
Rossmann fold, and NADP+/NADPH binding motif (Figure 2.1). Bomati and Noel 
(2005) proposed a key determinant residue (302) in CAD/SAD proteins with all the bona 
fide CADs that have the Phe-302 in that position. In the Liriodendron CAD homologs, 
only LtuCAD1 has the Phe-306, while the LtuCAD2-LtuCAD7 proteins have methionine, 
isoleucine, threonine, cysteine, cysteine, and glycine in that position, respectively (Figure 
2.1). The predicted structure of LtuCAD1 has the best model match with AtCAD5 in 
SWISS-MODEL, containing a Rossmann fold nucleotide-binding domain and a catalytic 
domain (Figure 2.1 and Figure 2.2). The computer predicted 3D structure of LtuCAD1 
protein shows the two domains and two Zn2+ ions, which are also quite similar to 






Figure 2.1. Protein sequence alignment of CAD/SAD like enzymes. The Rossmann fold 
domain is boxed by red dotted line. The catalytic Zn2+ binding sites are marked with blue 
dots. The structrural Zn2+ binding sites are marked with green dots. The NADP+/NADPH 
binding motifs are marked with yellow boxes. The key determinant residue site is marked 
with red star. 
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Figure 2.2. The predicted elements in the LtuCAD1 protein structure. C: coil; E: extended 
beta-sheet; H: alpha-helix. 
 
 
Figure 2.3. The predicted 3D protein structure of LtuCAD1. Data were analyzed by the 
SWISS-MODEL software, and the figure was prepared with the program Jmol, by 
threading over AtCAD5 protein structure. α-helices are indicated in purple, β-sheets in 
yellow, turns and coils by curled lines. The catalytic domain, nucleotide binding domain, 
and two Zn2+ co-factors are also indicated. 
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Spatial expression of Liriodendron CAD homologs 
Expressions of the seven CAD homologs found in Liriodendron were examined in 
seven tissue types: young leaf and its petiole, old leaf and its petiole, xylem, terminal 
bud, and root. As shown in Figure 2.4, all LtuCADs had highest expression in young 
petiole except for LtuCAD1, which was most abundant in xylem. The expression of 
LtuCAD2-7 in xylem was minimal. In other tissue types, LtuCAD2 had the highest 
expression, while LtuCAD6 had the lowest expression. 
 
 
Figure 2.4. Relative expression of LtuCAD homologs in different tissues. The expression 
levels were normalized with Populus TUA. 3 technical replicates were used. 
 
Promoter sequence analysis and GUS staining in Arabidopsis 
Putative promoter sequences of LtuCAD1 and LtuCAD2 upstream of the start 
codon were cloned from their BAC library inserts, respectively. Three rounds of genome 
 60 
walking resulted in 2151 bp sequence for the LtuCAD1 promoter. Two rounds of genome 
walking resulted in 1316 bp sequence for the LtuCAD2 promoter. Attempts to extend the 
LtuCAD2 promoter sequence failed with the genome-walking approach. Promoter 
sequence analysis revealed several categories of cis-elements in the putative promoter 
sequences, including those responsive to abscisic acid, auxin, disease, light, salicylic 
acid, sugar, temperature and wound (Table 2.3, Table C1 and C2). All these cis-elements 
were widely distributed in the putative promoter sequences, with some regions having 
higher densities than others (Figure 2.5). When driven by the LtuCAD1 promoter, GUS 
expression was found in leaf veins, hydathodes, mature roots, sepals, stamen filaments, 
siliques, and stems (Figure 2.6A-E). In the stem cross-sections, the GUS staining was 
visible in the xylem and the phloem (Figure 2.6E and F). The LtuCAD2 promoter gave a 
similar GUS staining pattern to the LtuCAD1 promoter, while the staining was much less 
intense and uniform, particularly in leaf, petiole, and stem (Figure 2.7A-F). In stem cross 
sections, GUS staining was found in xylem, phloem, and the edge of pith (Figure 2.7E 
and 7F). 
 




ABA Auxin Disease Light SA Sugar Temp Wound 
LtuCAD1 2151 7 3 6 13 3 3 3 1 
LtuCAD2 1316 6 2 5 9 1 3 1 1 





Figure 2.5. Positions of cis-elements in the LtuCAD1 and LtuCAD2 promoters. Putative 
cis-elements were predicted with PLACE web signal scan program. 
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Figure 2.6. GUS histochemical staining of LtuCAD1 promoter-transformed Arabidopsis.  
A: flower, B: seedling with root, C: seedpod, D: rosette leaf; E: stem section; F: amplified 
stem section. The magnification setting: A~E: 10x; F:100x. The scale bar in E and F 
represents 500μm and 50μm, respectively.  
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Figure 2.7. GUS histochemical staining of LtuCAD2 promoter-transformed Arabidopsis.  
A: flower, B: seedling with root, C: seedpod, D: rosette leaf; E: stem section; F: amplified 
stem section. The magnification setting: A~E: 10x; F:100x. The scale bar in E and F 





Complementation analysis of the Arabidopsis cad4 cad5 double mutant with 
LtuCAD1 
A total of seven transgenic lines were obtained from the transformation of the 
Arabidopsis double mutant (T1 - T7). Quantitative RT-PCR indicated that LtuCAD1 was 
expressed in all the transgenic lines with various expression levels (Figure 2.8). The 
Arabidopsis cad4 cad5 double mutant (DM) had earlier bud formation, flowering time, 
and silique-ripening time than the wildtype (WT). The LtuCAD1 transgenic plants had 
recovered bud formation time (except for T1, Figure 2.9), flowering time (except for T1, 
Figure 2.10), and silique-ripening time (except for T1 and T5, Figure 2.11) compared 
with the double mutant. The Arabidopsis double mutant had a smaller rosette leaf width 
and length and a shorter inflorescent stem length than the wildtype. Many of the 
LtuCAD1 transgenic plants had recovered leaf width and length (Figure 2.12) and 
inflorescent stems (Figure 2.13) when compared with the double mutant. In addition, the 
Arabidopsis double mutant had limp stems at the mature stage due to the loss of lignin. 
Although the LtuCAD1 transgenic plants also had limp stems at the mature stage, the 





Figure 2.8. Relative gene expressions of LtuCAD1 transgenic lines. The expression levels 
were normalized with Arabidopsis 18S rRNA. 3 technical replicates were used. 
 
 
Figure 2.9. Average days of first bud formation. The letters indicate groups that show 




Figure 2.10. Average days of flowering time. The letters indicate groups that show 
stiatistical differences at the p value of 0.05. 3 biological replicates were used. 
 
 
Figure 2.11. Average days of silique-ripening time. The letters indicate groups that show 
stiatistical differences at the p value of 0.05. 3 biological replicates were used. 
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Figure 2.12. Average leaf width and length. The letters indicate groups that show 




Figure 2.13. Average stem length. The letters indicate groups that show stiatistical 
differences at the p value of 0.05. The picture shows the plant phenotypes of Arabidopsis 
wild-type (WT), cad4 cad5 double mutant (DM), and LtuCAD1 transformed double 




Figure 2.14. Average stem standing time. The picture shows the stem positions of 
Arabidopsis wild-type (WT), double mutant (DM) and LtuCAD1 transgenic plants at 7 
weeks after gemination, respectively. The letters indicate groups that show stiatistical 
differences at the p value of 0.05. 3 biological replicates were used. 
 
In the histochemical staining of lignin, both the Weisner and Mäule methods gave 
the strongest staining in the xylem and the interfascicular fiber of the wild-type stem 
followed by the LtuCAD1 transgenic plant and the double mutant (Figure 2.15). 
Similarly, the brightness of UV autofluorescence in the LtuCAD1 transgenic stem section 
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was between the wildtype and the double mutant (Figure 2.15). When analyzed by 
pyMBMS using empirical parameters, the LtuCAD1 transgenic stems showed recovered 
lignin content (Figure 2.16) and S/G ratio similar to the wildtype (Figure 2.17). Similar 




Figure 2.15. Histochemical staining and UV autofluorescence of stem sections. F:  
interfascicular fiber, X: xylem. Magnification: 10x for Wiesner and Mäule staining; 20x 
for UV autofluorescence. The exposure time in UV autofluorescence: 500ms for wild 
type and LtuCAD1 transgenic; 900ms for double mutant. 
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LtuCAD is a multi-gene family that belongs to the medium-chain 
dehydrogenase/reductase (MDR) superfamily 
Previous phylogenetic analysis showed that the seven LtuCAD homologs obtained 
from the Liriodendron EST dataset could be classified into three categories (Class I, II 
and IV) with LtuCAD1 grouped with the bona-fide CADs (Appendix B). Here, we further 
compared their protein sequences with the Arabidopsis CADs. Arabidopsis contains nine 
CAD-like proteins, which were named in different nomenclature systems (Tavares et al. 
2000; Costa et al. 2003; Goujon et al. 2003; Raes et al. 2003). Protein alignment of 
Arabidopsis CADs revealed that the similarity values varied between 68.1% and 99.2% 
and identity values varied between 45.9% and 98.4% (Tavares et al. 2000). The domains 
and residues belonging to the zinc-dependent alcohol dehydrogenase were strictly 
conserved among them (Tavares et al. 2000). Moreover, Youn et al. (2006) examined the 
crystal structures of two bona fide Arabidopsis CAD proteins, AtCAD4 (AtCAD-C or 
At3g19450) and AtCAD5 (AtCAD-D or At4g34230). The AtCAD5 protein structure 
contains two distinct domains: a Rossmann fold that forms the nucleotide-binding 
domain (Rao and Rossmann 1973) and a catalytic domain. The catalytic Zn2+ is 
coordinated with four residues: Cyc47, His69, Glu70, and Cys163; the structural Zn2+ is 
also in a tetrahedral coordination with Cys100, Cys103, Cys106, and Cys114. Thus, the 
crystal structure of AtCAD5 establishes that it belongs to the Zn2+-dependent MDR 
family (Persson et al. 1994; Youn et al. 2006). In another report, Bomati and Noel (2005) 
investigated the binding pocket of Populus SAD and some classical CAD genes by 
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computer-aided substrate docking and showed that Gly-302 (Phe-298 in the case of 
classical CADs) is a key determinant to the substrate specificity. In this study, we 
compared the sequence similarity and identity of LtuCAD homologs with AtCAD 
proteins. The similarity among the LtuCAD homologs varied between 43% and 91%, and 
identity values varied between 61% and 95%, which are similar with those in 
Arabidopsis. The comparison of LtuCADs with AtCADs further showed that LtuCAD1 
has much higher sequence similarity and identity with both AtCAD4 and AtCAD5 than 
the other LtuCADs, indicating that LtuCAD1 may act more like a bona fide CAD enzyme 
than the other LtuCADs. Protein sequence alignment of CADs from Liriodendron, 
Arabidopsis, Populus, Eucalyptus, pine, and strawberry and a Populus SAD showed that 
the Rossman fold binding domain, catalytic domain, and catalytic and structural Zn2+-
binding residues mentioned above are also highly conserved among LtuCADs, suggesting 
their belonging to the MDR superfamily as a Zn2+-dependent alcohol dehydrogenase. 
Furthermore, it is noteworthy that only LtuCAD1 has the Phe-306 residue in the key 
determinant site, which is predicted to be important for the CAD enzyme substrate 
specificity. 
 
LtuCAD1 is differentially expressed in vascular tissues 
Promoter characterization of all nine AtCAD genes with GUS reporter system has 
shown different expression patterns in various tissue types (Kim et at. 2007). Except for 
AtCAD2 and AtCAD3, all the other AtCADs, including AtCAD4 and AtCAD5, were found 
to express in vascular tissues. Our qRT-PCR results indicated that LtuCAD1 was 
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predominantly expressed in xylem. When the GUS gene was fused to the LtuCAD1 
promoter, the GUS staining was localized in lignified tissues, such as stem xylem, 
phloem, leaf vein, hydathode, mature root, sepal, stamen filament, and silique, similar to 
the expression localizations of AtCAD4 and AtCAD5 (Kim et al. 2007). These expression 
analysis results suggest the involvement of LtuCAD1 in lignifications. In contrast, 
LtuCAD2 showed the highest expression level in young petioles as indicated by qRT-
PCR, and the GUS staining of the LtuCAD2 promoter was less intense and uniform than 
that of the LtuCAD1 promoter. The discrepancies between the qRT-PCR and GUS 
staining results were possibly due to the following reasons: (1) Liriodendron is a 
perennial timber tree species, while Arabidopsis is an annual weed. Using an LtuCAD 
promoter sequence to drive GUS expression in Arabidopsis may not completely reflect 
the actual CAD expression patterns in Liriodendron; (2) the promoter sequences obtained 
for LtuCAD1 and LtuCAD2 may not be complete, particularly for LtuCAD2. 
 
Complementation of LtuCAD1 in the Arabidopsis cad4 cad5 double mutant reveals 
the involvement of LtuCAD1 in lignin biosynthesis 
The functional characterizations of Arabidopsis CAD genes have been extensively 
carried out ever since their discovery. The Atcad4 or Atcad5 null mutant drastically 
reduced CAD activities, but the Klason lignin content was only slightly reduced (Sibout 
et al. 2003). Nevertheless, the double mutant of Arabidopsis CAD4 and CAD5 resulted in 
limp floral stems, weak histochemical staining of lignin and lignin UV fluorescence, a 
40% lignin content reduction, and a reduced S/G ratio (Sibout et al. 2005). In the same 
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report, several CAD/SAD genes from other species were ectopically expressed in the 
Arabidopsis cad4 cad5 double mutant, demonstrating the application of the Arabidopsis 
double mutant as a useful tool to study functions of CADs from woody plants. The kinetic 
characterization of the AtCAD recombinant proteins showed that AtCAD5 and AtCAD4 
were the most catalytically active with all three CAD substrates while the other AtCAD 
proteins were catalytically less active (Kim et al. 2004). Among the other seven AtCADs, 
only AtCAD1 was found to express in the primary xylem. AtCAD1’s T-DNA knockout 
also had a slight reduction of stem lignin content, and it could partly complement the 
cad4 cad5 double mutant (Eudes et al. 2006). In our experiment, we expressed LtuCAD1 
in the Arabidopsis cad4 cad5 double mutant to test its function. The rescue of the double 
mutant was obvious as demonstrated by the restoration of stem length, lignin content, and 
S/G ratio. The recovery in some of the transgenic lines, such as T1, was less satisfactory. 
This may be attributed to less LtuCAD1 expression in these particular lines as shown by 
qRT-PCR. Interestingly, some of the LtuCAD1 transgenic plants were also able to 
recover the timing of bud formation, flowering, silique-ripening, as well as leaf sizes, in 
the double mutant. How LtuCAD1 is involved in these developmental processes remains 
to be investigated. In addition to LtuCAD1, we have transformed the Arabidopsis cad4 
cad5 double mutant with LtuCAD2. Preliminary data showed no sign of phenotypic 
rescue of the double mutant (Appendix E). 
In conclusion, we have identified seven CAD genes from L. tulipifera, an 
important timber species in basal angiosperm. LtuCAD1 is involved in lignin 
biosynthesis, which can be exploited for lignin modification in the future.  
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CHAPTER THREE 
WOOD CHEMISTRY ANALYSIS AND EXPRESSION PROFILING OF A POPLAR 




With the goal of facilitating lignin removal during the utilization of woody 
biomass as a biofuel feedstock, we previously transformed a hybrid poplar clone with a 
partial cDNA sequence encoding a tyrosine-rich hydroxyproline-rich glycoprotein from 
parsley. A number of transgenic lines released more polysaccharides following protease 
digestion and were more flexible than the wild-type plants, as measured by storage 
modulus assays, but were otherwise normal in phenotype. Here we report that 
overexpression of the tyrosine-rich peptide encoding sequence did not significantly 
change the plant growth rate, the susceptibility to the pathogen Septoria musiva, the total 
lignin quantity or quality (S/G lignin ratio), or the five- and six-carbon sugar contents. 
DNA whole-genome microarrays revealed only five differentially expressed transcripts in 
the transgenic lines, all with decreased transcript abundance (4 fold decrease) relative to 
the wild-type plants. Our study indicates that expression of the parsley tyrosine-rich 
peptide did not comprise the fitness or cause significant wood chemistry alternation in the 
transgenic poplars. 
 
Key Words: Cell wall composition, Differential gene expression, Poplar, Pyrolysis 
molecular beam mass spectrometry (pyMBMS), Tyrosine-rich peptide. 
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Introduction 
Future limitation of fossil fuel availability and increasing demand for energy 
throughout the world has inspired the development of commercially viable alternative 
energy sources. Among the diverse array of renewable energy sources, such as solar, 
wind, water, and geothermal heat, biofuels are a promising substitute for petroleum fuel. 
Biofuels are an environmentally friendly energy source because they derive from 
renewable biological feedstock. Currently there are three main types of biofuels being 
developed: bioethanol, biodiesel, and biogas. Bioethanol serves as a raw material in the 
chemical industry and has found increasing market potential as transportation fuel (Yuan 
et al. 2008). Indeed, bioethanol fuel is the most commonly used biofuel worldwide, often 
blended into gasoline to reduce petroleum consumption. In the United States, most 
existing vehicle engines function efficiently with up to 10% bioethanol blended with 
gasoline (Flavin and Podesta 2006). In total, more than 10 billion gallons of ethanol per 
year are generated in biorefinery processes such as hydrolysis of starch and bacterial 
fermentation of sugar (Goldenberg 2007; Rass-Hansen et al. 2007). Furthermore, 
biofuels, especially bioethanol, are anticipated to increase in importance as fuel sources 
in the future. However, there are important limitations in the ability to grow and process 
biofuel feedstock necessary to supply the growing demand for bioethanol. 
The major feedstocks for bioethanol production are cellulose, starch, and sugar 
derived primarily from plant and algal sources (Gray et al. 2006; Ragauskas et al. 2006; 
Sanchez and Cardona 2008; John et al. 2011). In particular, sugarcane and corn are 
currently used extensively for bioethanol production, which has led to concerns that 
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imbalances favoring the production of energy feedstock over food staples may occur on 
fertile and arable land (Azar 2003; Rathmann et al. 2010). As an alternative, fast-growing 
tree species offer the potential to generate large quantities of cellulosic material on lands 
not highly valued for food production. However, the challenge for utilizing such 
cellulosic materials is the high lignin content in their plant cell walls. Lignin is a 
heteromeric polymer composed primarily—in dicotyledonous angiosperms—of two 
monolignol monomers, coniferyl alcohol and sinapyl alcohol, and, to a lesser extent, a 
third monolignol p-coumaryl alcohol. The primary monolignol alcohols are incorporated 
into lignin as the phenylpropanoids guaiacyl (G) and syringyl (S), respectively. The 
physical properties of lignin polymers depend on both polymer length and composition 
(i.e., the S/G ratio). Most lignin is located in the secondary xylem and phloem tissues, 
which have thick layers of secondary cell wall containing complexes of cellulose and 
hemicelluloses in addition to lignin. Long chains of cellulose associate to form 
microfibrils and provide the secondary cell wall skeleton. The alignment of these 
microfibrils differs among different cell wall layers. Lignin, hemicelluloses, and other 
secondary metabolites mostly fill in the matrix. The cellulose and hemicelluloses in the 
secondary cell wall are highly hydrophilic and permeable to water. Lignin, in contrast, 
provides hydrophobicity to waterproof the cell wall and prevents water absorption from 
the environment. Because of the lignocellulosic complex that forms the secondary cell 
wall, cellulose must be separated from lignin before it can be reduced to ethanol (Weng et 
al. 2008; Simmons et al. 2010; Zhu and Pan 2010). 
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Lignin degradation is of critical importance in biomass utilization of woody plants 
because the presence of lignin limits hydrolytic enzyme access to polysaccharides in the 
cell wall. Various strategies for increasing cellulosic ethanol production by genetic 
engineering include 1) in vivo cellulase enzyme production or enzyme 
compartmentalization to reduce pretreatment, 2) decreasing lignin content or altering 
lignin structure to facilitate pretreatment, and 3) increasing cell-wall polysaccharide 
content or overall biomass (Sticklen 2008). Much effort has been made to modify lignin 
by manipulating genes involved in the lignin biosynthesis pathway, primarily by down-
regulating lignin synthesis genes. For example, down-regulation of 4-coumarate CoA 
ligase (4CL) gene in Populus resulted in a 45% decrease in total lignin content and a 15% 
increase in cellulose content, which greatly improved the efficiency of biomass 
pretreatment for bioethanol production (Hu et al. 1999). However, genetic manipulation 
of lignin biosynthesis may not always produce desired results (for reviews, see Pedersen 
et al. 2005 and Li et al. 2010). For example, a field study of the transgenic poplars with 
down-regulation of 4CL revealed unwanted side effects due to lignin reduction (Voelker 
et al. 2010). With a reduction of more than 50% of 4CL expression, large changes in 
wood chemistry and plant metabolism were observed that adversely affected productivity 
and potential ethanol yield (Voelker et al. 2010).  
Previously, we reported an alternative strategy to facilitate production of biofuels 
from poplar that relied on modifying lignin cross-linking rather than overall lignin 
content (Liang et al. 2008). Our results indicated that poplar plants transformed with the 
TYR peptide had no change in total lignin content or overall morphological 
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characteristics when compared to the wildtypes. However, a number of transgenic lines 
exhibited an enhanced sugar release yield following fermentation pretreatments and 
protease digestion (Liang et al. 2008). Furthermore, the greenhouse-grown TYR 
transgenic plants had 10% to 22% greater flexibility in their stem wood based on the 
storage modulus assay. To further understand the effects of the transgene, we investigated 
the growth rate and the pathogen susceptibility of the transgenic poplars and compared 
wood chemistry between the transgenic and the wild-type poplar plants. The pathogen 
Septoria musiva (teleomorph: Mycosphaerella populorum), which can cause necrotic leaf 
spots and perennial stem cankers, has been recognized as one of the most serious 
pathogens affecting hybrid poplar in North America (Feau et al. 2010). In addition, we 
performed gene expression profiling experiments of the TYR transgenics with whole-
genome microarray.  
 
Materials and Methods 
Quantification of TYR expression in transgenic OGY plants 
One-year-old stems of greenhouse-grown wildtype and TYR transgenic lines T1, 
T11, and T20 were harvested by cutting 10cm above the soil after the removal of leaves 
and petioles. Each stem was then scraped to remove the bark and pith and ground with a 
mortar and a pestle in liquid nitrogen. Total RNAs were extracted using a QIAGEN 
RNeasy Plant Mini Kit (QIAGEN, CA). The total RNAs were then treated with a 
TURBO DNA-free kit (Ambion, NY) to remove DNA carry-over. PCR using a primer 
pair that amplified both the PAL2 promoter and the TYR sequence (forward 5'-
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TCTCACCAACCACAACCTCA-3', and reverse 5'-AGACTTGGAAGGTGGTGGTG-
3') was performed to check the genomic DNA contamination. The PCR setting was as 
follows: 95°C denaturation for 10 min, 35 cycles of 95°C denaturation for 30 sec, 55°C 
annealing for 30 sec, and 72°C extension for 30 sec. The quality of all total RNAs was 
assessed by 1% agarose electrophoresis while the quantity was measured in a 
Biophotometer 6131 (Eppendorf AG, Hamburg, Germany). Total cDNAs were 
synthesized using a High-capacity cDNA Reverse Transcription kit (Applied Biosystems, 
CA) and then diluted to 1000 ng/µl. The 25µl qRT-PCR reactions, including 2x IQ 
SYBR green supermix (Bio-Rad, CA), 1µl of cDNA templates, and 1µl of 10µM of each 
TYR-specific primer (forward 5'-AAATTTGCATTGGGGCATTA-3', reverse 5'- 
AGACTTGGAAGGTGGTGGTG-3'), were performed in a Stratagene MX3000p QPCR 
system (Agilent, CA) with the cycle setting as follows: 95°C denaturation for 10 min, 40 
cycles of 95°C denaturation for 30 sec, 55°C annealing for 30 sec, and 72°C extension for 
30 sec. The putative poplar housekeeping genes, ACT11, ACT2, TUA, UBQ, 18S 
described in Brunner et al. (2004), and a poplar EST (Genbank accession number 
XM_002313230.1) similar to the Arabidopsis thaliana expressed gene At5g12240 
(Czechowski et al. 2005) were used to test the stabilities of internal standards in our 
cDNA samples, and the poplar ubiquitin 11 (UBQ) was selected based on the analysis 
conducted as described in Brunner et al. (2004). At least three technical replicates were 




Plant growth rate measurement and susceptibility test for Septoria musiva 
The OGY wildtype and the TYR transgenic lines T1, T11 and T20 were 
regenerated from one-year-old, 10 cm-long cuttings from the base of stems in the 
greenhouse with a cycle of about 14hrs light/10hrs dark. The shoot lengths of OGY 
wildtype and TYR transgenics were measured in the first three months (April, May and 
June). The average growth rates were calculated as total shoot length/total growth days. 
At least three plants per line were measured. Due to the limit of available plant materials, 
only two TYR transgenic lines were used for the pathogen test. The fifth fully expanded 
leaves counting from the top of one-year-old wildtype and TYR transgenic lines T1 and 
T20 were collected from the greenhouse. The leaves were first washed with sterile water 
for three times. Then leaf discs (1.5cm in diameter) were aseptically punched from the 
whole leaves and laid in the holes of pre-punched 2% agar medium with their abaxial 
sides facing up. Leaves from at least three plants per line were collected, and at least four 
positions in each leaf were punched. Septoria musiva was first incubated on V8 juice 
medium in order to increase its viability (Krupinsky 1989, Liang et al. 2001). The conidia 
were collected and rinsed in pure water before being counted in a hemocytometer as 
described previously in Liang et al. (2001). A total amount of ~1x106 conidia in 20µl 
volume (pure water for the control) were used to inoculate each leaf disc. Photographs 
were taken 3 weeks after inoculation, and the necrotic area was measured with ImageJ 
(Abramoff et al. 2004). Disease susceptibility was represented as a percentage of necrotic 
area in each leaf disc. The statistical analysis for all the data was performed using 
Student's t-test with p value of 0.05. 
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Lignin histochemical staining and Ultra-violet (UV) autofluorescence 
One-year-old wild-type and T1, T11, T20 transgenic poplar stems from internodes 
between the 8th and the 10th most recent fully expanded leaf were harvested and hand-
sectioned. Histochemical examination of lignin was performed with both potassium 
permanganate (Mäule staining) and phloroglucinol-HCl (Wiesner staining). In Mäule 
staining, the stem sections were stained with 1% KMnO4 for 2 minutes and briefly rinsed 
with 4% HCl until the color turned from dark brown to light brown. The sections were 
then mounted in a concentrated ammonia solution. In Weisner staining, the sections were 
stained with phloroglucinol-HCl reagent (2 volumes of 2% (w/v) phloroglucinol in 95% 
ethanol with 1 volume of concentrated HCl) for 2 minutes and briefly washed with water. 
All photos of the histochemically stained sections were taken under a Meiji Techno 
MX4300L dissection scope (Meiji Techno, CA) within 30 minutes with a magnification 
of 10X. Lignin depositions in the stem sections were also visualized by UV 
autofluorescence. The cross sections were illuminated under a Carl Zeiss Axiovert 200M 
microscope (Carl Zeiss Microscopy, NY) using the filter set for Hoecsht/DAPI (360 nm 
exciter and 460 nm emitter) with an exposure time of 400 milliseconds. 
 
Determination of lignin content and cell wall composition 
One-year-old stems of greenhouse-grown wildtype and TYR transgenic lines T1, 
T11, and T20 were harvested by cutting the 10-cm segment above the soil after removing 
leaves and petioles. Each stem was then scraped to remove the bark and air-dried. The 
scraped stems were ground in a Wiley mill to pass through a 20-mesh metal sieve, and 
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the wood powder was extracted overnight using 95% ethanol in a Büchi E-816 Soxhlet 
extraction unit (Büchi labortechnik, Switzerland). Approximately 200 mg of extractive-
free, dry wood powder was transferred to a glass vial with a PTFE cap and incubated 
with 2 ml of 72% (v/v) sulfuric acid for 1h at 21 °C in a shaker (200 RPM). The solution 
was then diluted with 56 ml of pure water and autoclaved at 121 °C for 1h. After cooling 
to room temperature, ~2 ml of hydrolysate was used for acid soluble lignin analysis. The 
remaining hydrolysate was vacuum-filtered through a pre-weighed glass fiber. The 
residue on the glass fiber was washed with a large amount of pure water, oven-dried at 
105°C overnight, and weighed. The acid insoluble lignin was determined gravimetrically 
as the weight percentage in the extractive-free wood. The acid soluble lignin was 
determined by measuring the absorbance of the hydrolysate at 205nm in a SpectraMax 
M2 spectrophotometer (Molecular Devices, CA). The lignin content in the filtrate was 
calculated using Beer’s law as described in the standard Klason procedure (Dence 1992). 
The total lignin content as the weight percentage in the extractive-free wood was 
calculated combining acid-insoluble lignin part and acid-soluble lignin part together. 
Four biological replicates were included for each genotype. 
Lignin composition (S/G ratio) was estimated using pyrolysis molecular beam 
mass spectrometry (pyMBMS) at both the National Renewable Energy Laboratory 
(NREL) and the University of Georgia as previously described (Evans and Milne 1987; 
Sykes et al. 2008; Novaes et al. 2009). The pyMBMS analysis conducted at the 
University of Georgia used extractive-free wood powder while samples analyzed at 
NREL were not ethanol-extracted. All analysis was performed with four biological 
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replicates per genotype. The wood samples were weighed (~4 mg) into 80-µl stainless 
steel sample cups and pyrolyzed at 500ºC with helium as the carrier gas and an interface 
temperature of 350ºC using a PY-2020iD Double Shot Pyrolyzer fitted with an 
autosampler (Frontier Ltd. Japan). The pyrolysis vapors were analyzed using a custom 
built Extrel Model MAX-1000 Super Sonic Molecular Beam Mass Spectrometer (Extrel, 
Pittsburgh, PA). Mass spectral data from m/z 30-450 were acquired using the Merlin 
Automation Data System version 3.3. 
 
Stem total nitrogen analyses 
The same stem powder samples prepared for pyMBMS as described above were 
also used for analysis of total nitrogen content. The stem total nitrogen content 
experiments were performed at the Agricultural Service Laboratory at Clemson 
University, following a combustion protocol as described in the website: 
http://www.clemson.edu/public/regulatory/ag_svc_lab/plant_tissue/plant_tissue_feed_for
age_analysis_procedure8.html. Four biological replicates and three technical repeats were 
included for each genotype (wildtype, T1, T11, and T20). Each assay was conducted with 
100 mg wood powder. 
 
Whole genome DNA microarray analysis of gene expression 
The stems free of pith as described above from each plant were ground in liquid 
nitrogen by mortar and pestle. Total RNAs were extracted using the CTAB method 
(Chang et al. 1993). After treatment with TURBO DNase (Ambion, CA), the total RNA 
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quality and quantity were determined with an Agilent 2100 Bioanalyzer (Agilent, CA). 
The Agilent Populus whole genome array (Agilent AMADID 021876, 4x44k) (Tsai et al. 
2011) was used for global gene expression analysis. The array contains 43,801 custom 
features, representing 43,663 nuclear gene models, 85 chloroplastic gene models, 45 
mitochondrial gene models, and 6 commonly used reporter genes in transgenic research. 
Each microarray chip contained 4 identical arrays (sections) and a total of 4 chips were 
used. The microarray hybridization was performed according to the Agilent Two-Color 
Microarray-Based Gene Expression Analysis protocol without spike-in mix. Total RNAs 
from each sample were first reverse-transcribed into cDNAs and then transcribed into 
cRNAs. Each cRNA sample was then split in half and was labeled with either Cyanine 3-
CTP (Cy-3) or Cyanine 5-CTP (Cy-5) during transcription (dye-swap method). The 
cRNAs were subsequently purified with the Qiagen RNeasy Plant Mini Kit (Qiagen, CA) 
and quantified in a NanoDrop 1000 Spectrophotometer (Thermo Scientific, Wilmington, 
DE). Equal amount (500 ng) of Cy-3 or Cy-5 labeled cRNAs was hybridized with a 
section in the microarray chip at 65°C overnight in a hybridization oven, respectively. 
The hybridized microarrays were scanned with an Agilent G2565BA microarray scanner 
(Agilent, CA) and analyzed by built-in software Feature Extraction (FE) 9.5.3. Four 
biological replicates (4 individual plants per genotype) were included for both wild-type 
and transgenic plants. Samples from individual plants were not pooled. Within each array 




Data processing and statistical analysis 
The paired, dye-swap experiments were conducted in a loop design to achieve 
maximal contrast between samples (Churchill 2002; Yang and Speed 2002). Data 
normalization was performed by a nonlinear LOWESS method that utilizes gene intensity 
and spatial information (Quackenbush 2002). We implemented a selection scheme using 
Grubb's outlier test (Sokal and Rohlf 1995) for quality control of array experiments. 
Array experiments containing more than 10% outliers were excluded from the subsequent 
analyses. Differential gene expression was determined using Significance Analysis of 
Microarray (SAM) (Tusher et al. 2001), which implements a modified t-test by assigning 
a score to each gene on the basis of change and utilizes permutations to estimate the 
percentage of genes identified by chance using false discovery rate (FDR). FDR balances 
the number of false positives and the true positives (Storey and Tibshirani 2003) and is 
similar to the family-wise error but with a gain in power (Benjamini and Hochberg 1995). 
This algorithm enables the identification of differentially regulated genes even if the fold 
change is low. A filter mechanism with 4-fold change cutoff was employed. Sequences of 
all significantly differentially expressed probes were queried in Phytozome V7.0, which 
includes the JGI v2.2 gene annotation of the Populus trichocarpa genome assembly v2.  
 
Results 
Expression of TYR gene 
Expression of the TYR gene was detected in all of the three transgenic lines (T1, 
T11, and T20) (Figure 3.1). TYR expression varied among the genotypes following an 
 94 
expression pattern of T20>T11>T1. As expected, no TYR expression was detected in the 
wild-type plants.  
 
Figure 3.1. Transcriptional expression of TYR in T1, T11, and T20. The relative 
expression level was normalized with Populus UBQ. Three technical replicates were 
used. 
Growth rate and susceptibility of the transgenic plants to Septoria musiva 
The TYR-transformed OGY plants were regenerated from stem cuttings in the 
greenhouse. No morphological differences were observed between the wild-type OGY 
and the TYR-transformed OGY plants (data not shown). The stem growth rates measured 
in the first three months showed no significant difference between the wild-type plants 
and the TYR-transformed T1, T11, and T20 plants (Figure 3.2). When using the fungal 
pathogen S. musiva to infect the OGY leaf disks, no significant difference in percentage 
of necrotic area was found between the wildtype and the TYR-transformed OGY plants 
(Figure 3.3).  
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Figure 3.2. Plant growth rate of OGY wildtype and TYR transgenic T1, T11, and T20 
lines. Letters indicate the statistical group at the p value of 0.05. Three biological 
replicates were used. 
 
 
Figure 3.3. Percentage of necrotic area in Septoria musiva-infected leaf discs. Letters 
indicate the statistical group at the p value of 0.05. Three technical replicates were used. 
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Lignin histochemical staining and UV autofluorescence 
The Weisner reagent showed strong purple colors in the secondary xylem and 
extraxylary fiber of the wild-type and the TYR-transgenic plants, indicating that the total 
lignin content was similar between them. Similarly, the Mäule reagent showed that the 
red colors, indicative of S unit in the lignin content, were strongly correlated with 
secondary xylem and extraxylary fiber in both the wild-type and the TYR-transgenic 
plants. The UV autofluorescence signals in secondary xylem and extraxylary fiber were 
also found to be similar among the wildtype and the TYR-transgenic plants (Figure 3.4). 
 
Figure 3.4. Lignin histochemical staining and Ultra-violet (UV) autofluorescence in OGY 
stems. Cross sections were hand-sectioned from internodes between the 8th and 10th fully 
expanded leaf from the top of one-year-old poplar plants. Magnification in Weisner and 
Mäule staining sections was 10X. The scale bars in UV fluorescence photos represent 
100 µm. sx: secondary xylem. ef: extraxylary fiber. 
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Stem pyrolysis molecular beam mass spectroscopy (pyMBMS) and Klason analyses 
When subjected to pyMBMS analysis, the stems from the wildtype and the three 
transgenic lines did not differ significantly in lignin content, S/G lignin ratio, or five- and 
six- carbon sugar levels (Table 3.1 and Table D1). Total (soluble and insoluble) lignin 
contents determined by the Klason method also did not vary significantly between the 
transgenic and wild-type stem wood (Table 3.1). 
 
Table 3.1. pyMBMS and Klason analyses of the wildtype and TYR transgenic poplars 
using the NREL parameters. 
 
Stem total nitrogen analyses 
The plant stem samples were combusted to analyze the total nitrogen content. No 
significant difference was observed between wild type and TYR-transformed plants 
(Figure 3.5). 
Trait Sum of m/z peaks 
WT 
(Mean ± SE1) 
T1 
(Mean ± SE1) 
T11 
(Mean ± SE1) 
T20 
(Mean ± SE1) 
Five-carbon sugars (C5) 57 + 73 + 85 + 96 + 114 20.28 ± 0.35 20.80 ± 0.83 21.10 ± 0.90 20.05 ± 0.52 
Six-carbon sugars (C6) 57 + 60 + 73 + 98 + 126 + 144 20.85 ± 0.35 21.91 ± 1.13 21.99 ± 1.25 20.66 ± 0.49 
C6/C5 ratio 
 
1.03 ± 0.01 1.05 ± 0.02 1.04 ± 0.02 1.03 ± 0.004 
S/G ratio 
 
1.59 ± 0.07 1.60 ± 0.04 1.66 ± 0.03 1.58 ± 0.06 
Total corrected lignin S-lignin + G-lignin + 120 + 152 + 180 + 181  23.39 ± 0.44 23.76 ± 0.69 22.58 ± 0.75 23.75 ± 0.40 
Klason lignin 
 




Figure 3.5. Total nitrogen content in stem dry mass. Letters indicate statistical group at p 
value of 0.05. Four biological replicates were used for analysis. 
 
Differentially expressed genes in the TYR transgenic plants 
With a 4-fold change cutoff to screen the microarray results, all of the 
differentially expressed probes showed reduced expression levels (4-fold decrease) when 
compared to the wildtype. When using 4-fold decrease as cutoff (relative expression < 
0.25), there were a total of 240 and 6 differentially expressed probes in the transgenic line 
T11 and T20 compared with the wild-type control, respectively. However, no common 
transcript was found between 240 transcripts in T11 and 6 transcripts in T20. No 
differentially expressed genes were identified in line T1, which had the lowest expression 
level of the TYR transgene. Analysis with combined raw microarray data from T11 and 
T20 revealed a total of 5 common differentially expressed (relative expression < 0.25) 
transcripts in both lines (Table 3.2). These affected probes encoded 3 putative proteins, a 
sulfotransferase domain-containing protein, and a NB-ARC domain-containing disease 
resistance protein. 
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pt_25190 0.14 AT5G05800 2e-20 Unknown protein POPTR_0034s00280 
pt_20953 0.16 AT5G05800 2e-13 Unknown protein POPTR_0002s22360 
pt_24986 0.17 AT5G05800 5e-15 Unknown protein POPTR_0001s40240 
pt_11415 0.20 AT1G74100 2e-80 Sulfotransferase domain POPTR_0012s01280 




disease resistance protein POPTR_0005s00990 
 
Discussion 
In the current study, we used the Klason lignin assay and two independent 
pyMBMS analysis to support our previous findings that ecotopic expression of the 
parsley TYR peptide did not change the lignin content or the cellular morphology of the 
stem tissues of the transgenic poplars (Liang et al. 2008). In addition, we did not observe 
pronounced alteration of S/G lignin ratios nor of five- and six-carbon sugar contents and 
total nitrogen content when compared to the wild-type plants. The lignin histochemical 
staining and UV autofluorescence also showed similar patterns between the wild-type 
and the TYR-transgenic plants. These results are consistent with our observations that 
there was no visible difference between the transgenic and the wild-type plants in general 
morphologic appearance or stem growth rate in the greenhouse-grown plants.  
We employed a DNA microarray approach to determine if the expression of other 
genes was affected by the TYR transgene. Interestingly, all of the differentially regulated 
genes were down-regulated (suppressed) in the transgenic lines. The basis of this TYR-
dependent unidirectional effect on gene expression is not clear. While using 4-fold 
decrease as cutoff, only 5 transcripts showed differential expression in both T11 and T20 
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plants, explaining the non-significant changes in wood chemistry and fitness in the 
transgenic plants. Among these transcripts, 3 of them had best hit of an putative protein 
in Arabidopsis (AT5G05800). The AT5G05800 belongs to the Myb/SANT superfamily, 
which has an annotation of “tandem copies of the domain bind telomeric DNA tandem 
repeats as part of the capping complex” (Marchler-Bauer et al. 2011). Three Myb/SANT-
like binding motifs are present in AT5G05800, indicating that they may form regulatory 
transcriptional repressor complexes. Two such motifs also exist in other proteins 
annotated as transposon proteins. The relationship of this gene and TYR is not clear. 
The probe pt_11415 has the best hit of an Arabidopsis sulfotransferase gene 
(At1G74100). The sulfotransferase is one of the enzymes responsible for the 
glucosinolate (GI) biosynthesis in Brassicales, which catalyzes the last step of sulphating 
the desulfphoglucosinolate (ds-GI) into GI. The GI biosynthesis can be divided into three 
stages: the elongation of amino acids, synthesis of glucosinolates, and chain modification 
(for a review, see Mithen 2001). The GI is a plant secondary metabolite and is said to be 
involved in plant defense against insects and possibly pathogens since the GI can be 
further degraded by myrosinases into toxic compounds, such as nitrile, isothiocyanates, 
epithionitriles, and thiocyanates (for review, see Rask et al. 2000). The At1G74100, or 
AtST5a, has been proved to catalyze the final step of GI biosynthesis. It has a clear 
substrate preference of ds-GIs from the aromatic amino acids. The most two efficient 
substrates are derived from tryptophan and phenylalanine (Piotrowski et al 2004). 
Another study of At1G74100 (or AtSOT16 in a different nomenclature system) has also 
shown its preferred substrate specificity of tryptophan-derived ds-GIs without testing the 
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specificity of phenylalanine-derived or tyrosine-derived ds-GIs (Klein and Papenbrock 
2008). It is also noteworthy that the Cytochrome P450 enzymes CYP83A1 and CYPB1, 
which are responsible for elongation of aromatic amino acid in GI biosynthesis, also have 
the potential of using tyrosine or phenylalanine under certain abnormal circumstances 
(Naur et al. 2003). Little information is available about GI biosynthesis in Malpighiales. 
However, introduction of TYR protein in OGY may cost more-than-usual aromatic 
amino acids and thus alters the downstream application of these amino acids, in which 
the probable GI pathway is also included. In this case, the expression of the pt_11415 
transcript, indicative of a possible sulfotransferase, would be down-regulated. Although 
there is a lack of evidence of regulation of other genes in the GI biosynthesis pathway or 
genes in other aromatic amino acid-related processes, some unknown feedback 
mechanism of aromatic amino acids might exist. 
The best-hit homolog of probe pt_15881 is a disease resistance protein RPM1 in 
Arabidopsis. The RPM1 is proposed to confer pathogen defense for two unrelated 
avirulence gene products from the plant pathogen Pseudomonas syringae (Grant et al. 
1995). Arabidopsis RPM1 is supposed to be a peripheral plasma membrane protein not 
directly anchored to the membrane and is degraded coincident with plant cell 
hypersensitive response (Boyes et al. 1998). The GI biosynthesis mentioned above is also 
involved in plant pathogen defense. After all, cell walls are the first line of defense for 
plants, and the relationship between environmental factors and wall formation has been 
established. As a result, modification of cell wall components or structures may induce 
the alterations of gene expression related to plant defense mechanism. 
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Although the integration of the TYR protein into the cell walls of poplar remains 
to be confirmed, it is worthwhile to clone the five transcripts with differential expression 
from poplar and study their functions in cell wall formation in the future. This may help 
us understand the underlying cause for the enhanced flexibility and digestibility of the 
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Liriodendron tulipifera L. has the potential to become a new model system for 
comparative genomics of cell wall formation due to its important phylogenic and 
economic value. Genomic resources have been generated rapidly for this tree species in 
recent years. However, little information is available on lignin biosynthesis and its genes 
in Liriodendron. The research efforts in this dissertation have identified seven 
Liriodendron cinnamyl alcohol dehydrogenase (CAD) homologs and revealed their 
spatial expression patterns in different types of tissues with qRT-PCR. The different 
expression patterns of the seven LtuCADs suggest different functions of the LtuCAD 
genes. Through a complementation study in an Arabidopsis double mutant, I validated 
that LtuCAD1 is involved in lignin biosynthesis. The LtuCAD1 and LtuCAD2 promoters 
were cloned, and their GUS fusion constructs were transformed into Arabidopsis. These 
transgenic Arabidopsis will be useful in studying the responses of LtuCAD1 and 
LtuCAD2 to different biotic and abiotic stresses, such as wounding and pathogen 
infection. When better characterized, these promoters can be applied in expressing genes 
of interest in Liriodendron and other plant species. Revealing the functions of the 
remaining LtuCADs and the conservation and divergence of CAD functions in 
angiosperms will be the focus of future studies.  
Lignin degradation is of critical importance in biomass utilization of 
lignocellulosic materials. To facilitate production of biofuels from poplar, a tyrosine-rich 
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peptide (TYR) encoding sequence was introduced to lignifying tissues. The strategy was 
to introduce tyrosine amino crosslinks into lignin to make the lignin polymer susceptible 
to protease digestion. The current study indicates that the physiological status of the 
transgenic plants was not affected by expressing the TYR gene, as evidenced by 
nonsignificant changes in growth rate and pathogen susceptibility. Neither was the wood 
chemistry (total lignin content, S/G lignin ratio, and five- and six-carbon sugar contents) 
affected. Furthermore, the whole-genome microarray assay has provided the first glimpse 
of the molecular basis of TYR modification in the plant cell wall. With over 43k gene 
models screened in the microarray assay, only five transcripts in the transgenic plants 
showed differential expression relative to the wildtype. Three of the five transcripts have 
putative functions while the other two have functions related to plant defense response. 
The probe pt_11415 encodes a putative protein homologous to an Arabidopsis 
sulfotransferase (At1G74100), which is involved in glucosinolate (GI) biosynthesis. The 
At1G74100 in Arabidopsis mainly uses aromatic amino acids, such as tryptophan and 
phenylalanine, as its substrates. Some genes in the GI biosynthesis pathway may also use 
tyrosine, phenylalanine, and other aromatic amino acids. The expression of TYR gene in 
OGY might possibly consume more tyrosine than its derivatives, thus affecting the 
biological processes using aromatic acids. In addition, the probe pt_15881 encodes a 
disease resistance protein homologous to Arabidopsis RPM1. The Arabidopsis RPM1 is 
located in the peripheral plasma membrane, facing the cytoplasmic side. The degradation 
of RPM1 would coincide with the onset of hypersensitive response. Thus, the down-
regulation signal of plant defense response may also affect the gene expression of 
 109 
putative RPM1. It will be informative to investigate the functions of these genes in poplar 
in the future. 
In conclusion, studies taken in this dissertation have advanced our understanding 
of Liriodendron CADs and the transgenic poplar plants expressing the TYR gene. The 
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   CCGTCC	   1487	  
Box	  A	  of	  parsley	  
phenylalanine	  ammonia-­‐




WACC	   1929	  
Box	  L	  of	  parsley	  
phenylalanine	  ammonia-­‐
lyase	  (PAL)	  gene,	  elicitor,	  
light	  responsive	  
SORLIP1AT	  	   GCCAC	   844	  
"Sequences	  Over-­‐
Represented	  in	  Light-­‐
Induced	  Promoters"	  (SORIPs)	  
SORLIP2AT	   GGGCC	   748,	  1520	  
"Sequences	  Over-­‐
Represented	  in	  Light-­‐




WHG	   112	  
"SV40	  core	  enhancer",	  light	  
responsive	  




CRP1	   TTGACC	  
223,	  1268,	  
1391	  
ElRE	  (Elicitor	  Responsive	  
Element)	  core	  of	  parsley	  PR1	  
genes,	  elicitor	  and	  salicylic	  
acid	  responsive	  
ASF1MOTIF
CAMV	   TGACG	   1906	  
"ASF-­‐1	  binding	  site"	  in	  CaMV	  
35S	  promoter,	  auxin	  or	  
salicylic	  acid	  responsive,	  may	  
be	  relevant	  to	  light	  
regulation	  
WBOXATNP
R1	   TTGAC	   580,	  1754	  
"W-­‐box"	  in	  Arabidopsis	  




MY3	   CGACG	   1547	  
"CGACG	  element"	  in	  rice	  





G	   1486	  
CSMRE-­‐1	  (Carbohydrate	  
Metabolite	  Signal	  




O1	   TGACT	   809,	  1615	  
SUSIBA2	  bind	  to	  W-­‐box	  in	  









WWWGG	   1182	  
"CArG	  consensus"	  sequence,	  
involved	  in	  vernalization	  
LTRE1HVBLT
49	   CCGAAA	   275	  
"LTRE-­‐1"	  (low-­‐temperature-­‐
responsive	  element)	  in	  
barley	  blt4.9	  promoter	  
LTRECOREA
TCOR15	   CCGAC	   1548	  
Core	  of	  low	  temperature	  





F3	   TGACY	  
809,	  952,	  
1615,	  1635	  
"W	  box"	  in	  tobacco	  ERF3	  














D1	   ACGTG	   209	  
ABRE-­‐like	  sequence,	  ABA	  
responsive	  
CACGTGMO
TIF	   CACGTG	   208	  
"CACGTG	  motif",	  binding	  site	  





G	   101	  
DPBF-­‐1	  and	  2	  (Dc3	  
promoter-­‐binding	  factor-­‐1	  
and	  2)	  core	  sequence,	  ABA	  
responsive	  
MYB1AT	   WAACCA	   1032,	  1084	  
MYB	  recognition	  site	  in	  
Arabidopsis	  rd22	  gene	  
promoter,	  ABA	  responsive	  
MYB2CONS
ENSUSAT	   YAACKG	   175,	  446	  
MYB	  recognition	  site	  in	  
Arabidopsis	  rd22,	  ABA	  
responsive	  
MYCCONSE
NSUSAT	   CANNTG	  
51,	  101,	  208,	  
225,	  237,	  423,	  
634,	  689,	  996,	  
1108,	  1183,	  
1193	  
MYC	  recognition	  site	  in	  rd22	  
promoter,	  ABA	  responsive	  




CAMV	   35S	  promoter,	  auxin	  and/or	  
salicylic	  acid	  responsive,	  may	  
be	  relevant	  to	  light	  
regulation	  
CATATGGM
SAUR	   CATATG	   1108,	  1193	  
SAUR	  (Small	  Auxin-­‐Up	  RNA)	  








A	   644	  
AG-­‐motif	  in	  tobacco	  NtMyb2	  
gene	  promoter,	  wounding	  or	  
elicitor	  responsive	  
BIHD1OS	   TGTCA	   1015	  





C	   475,	  1086	  
Box-­‐L-­‐like	  sequence,	  
responsive	  to	  elicitor	  
treatment	  
CACGTGMO
TIF	   CACGTG	   208	  
"CACGTG	  motif",	  binding	  site	  
of	  Arabidopsis	  GBF4,	  ABA,	  
elicitor	  responsive	  
GT1GMSCA
M4	   GAAAAA	   250,	  1237	  







PA	   CANNTG	  
51,	  101,	  208,	  
225,	  237,	  423,	  
634,	  689,	  996,	  
1108,	  1183,	  
1193	  
E-­‐box	  of	  napA	  storage-­‐
protein	  gene,	  light	  
responsive	  
ASF1MOTIF
CAMV	   TGACG	   686,	  1295	  
"ASF-­‐1	  binding	  site"	  in	  CaMV	  
35S	  promoter,	  auxin	  and/or	  
salicylic	  acid	  responsive,	  may	  
be	  relevant	  to	  light	  
regulation	  
GATABOX	   GATA	  
453,	  660,	  673,	  
891,	  1053,	  





453,	  547,	  652,	  
653,	  673,	  
1159	  
Consensus	  GT-­‐1	  binding	  site,	  
light	  responsive	  
IBOX	  CORE	   GATAA	   453,	  673	  





Y	   763	  
"Inr	  (initiator)"	  elements	  in	  
tobacco	  psaDb	  promoter,	  
 130 
light	  responsive	  
PALBOXAPC	   CCGTCC	   306	  
Box	  A	  of	  parsley	  
phenylalanine	  ammonia-­‐
lyase	  (PAL)	  gene,	  elicitor,	  
light	  responsive	  
SORLIP1AT	  	   GCCAC	   47	  
"Sequences	  Over-­‐
Represented	  in	  Light-­‐
Induced	  Promoters"	  (SORIPs)	  
SORLIP2AT	   GGGCC	   694	  
"Sequences	  Over-­‐
Represented	  in	  Light-­‐





CAMV	   TGACG	   686,	  1295	  
"ASF-­‐1	  binding	  site"	  in	  CaMV	  
35S	  promoter,	  auxin	  and/or	  
salicylic	  acid	  responsive,	  may	  
be	  relevant	  to	  light	  
regulation	  
Sugar	  




MY	   TATCCA	   352,	  1277	  
"TATCCA"	  element	  in	  alpha-­‐




Y3D	   TATCCAY	   352	  
"TATCCAY	  motif"	  in	  rice	  
RAmy3D	  alpha-­‐amylase	  gene	  





49	   CCGAAA	   735	  
"LTRE-­‐1"	  (low-­‐temperature-­‐
responsive	  element)	  in	  





A	   644	  
AG-­‐motif	  in	  tobacco	  NtMyb2	  

















SUPPORTING MATERIAL FOR CHAPTER THREE 







 PHENOTYPE OF LTUCAD2 TRANSFOMRED DOUBLE MUTANT 
Arabidopsis cad4 cad5 double mutant was transformed with LtuCAD2 as 
described for LtuCAD1. Briefly, LtuCAD2 EST sequence was cloned from L. tulipifera 
cDNA library as previously described in Liang et al. (2011). The LtuCAD2 EST 
sequence was amplified by PCR using gene specific primers and inserted into the vector 
pBIN 35S-mGFP5-ER to replace the GFP sequence. The gene construct (35S 
promoter::LtuCAD2::NOS terminator) was then transferred to a pCambia1301 vector 
(Cambia, Queensland, Australia) using a pCR8/GW/TOPO cloning kit (Life 
technologies, NY) in order to use its hygromycine resistance. After transformation and 
selection, putative LtuCAD2 transgenic plants were moved to soil and grown in 
greenhouse. No phenotypic recovery of plant stem falling was observed in the LtuCAD2 
transformed double mutant plants (Figure E1). 
 
Figure E1. Phenotype of LtuCAD2 transformed Arabidopsis cad4 cad5 double mutant 
plants. 
